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STANDARDIZATION OF THE LUMINOUS-TRANSMISSION 
SCALE USED IN THE SPECIFICATION OF RAILROAD 
SIGNAL GLASSES 


By Kasson S. Gibson and Geraldine Walker Haupt 


ABSTRACT 


the first of several papers dealing with the development and description 
gnal-glass specifications formulated by the Signal Section of the Associa- 
American Railroads in 1935 and 1938. The present paper gives the spectral 
sions of the basic standards—red, yellow, green, blue, purple, and lunar- 
lasses—on which the AAR scale of luminous transmission is based, and 
hat seale in fundamental, absolute units. Comparison is made with the 
lefined in the 1908 and 1918 signal-glass specifications. 
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I. INTRODUCTION 


This is the first of several papers describing the work of the National 
Bureau of Standards on the color standardization of railroad signal 
‘lasses. This standardization has resulted from the cooperative 
forts of the Signal Section of the Association of American Railroads 

rmerly the American Railway Association), Corning Glass Works, 
in National Bureau of Standards. The Bureau’s work was 
tively started in 1930 and has been formally reported to the cooper- 
ting organizations at various times since then.! These papers will 


yn of railway signal glasses—Reports on measurements and investigations undertaken by 

y Section of the National Bureau of Standards at the request of the Signa! Section, American 
ition. 

)5, K. S. Gibson and Geraldine K. Walker, published in Signal Section Proc., Am. Ry. Assoc. 


1. The transmission (ARA scale) of 36 specimens of signal glass relative to transmission of 6 
ards marked “J. C. Mock 10-83-30,” a report on measurements made at Corning Glass Works 
30 (June 1, 1932). 
Measurements of spectral and luminous transmissions leading to the derivation of new 
sions for the 36 glasses listed in report 1 (October 24, 1932). 
pectral and luminous transmissions and derivation of new values of ARA transmission 
ir glasses selected by committee VI, ARA, at Corning, November 5-6, 1931, and engraved 
11-6-31’’ (December 2, 1932). 
Chromaticities and luminous transmissions, with illuminants at 1,900° K and 2,848° K, for 
lasses described in report 3 (January 30, 1933). 
re ntative specifications for railway signal colors (April 27, 1933). 


, K. S. Gibson, Geraldine Walker Haupt, and H. J. Keegan, published in Signal Section 
R. R. 36, 136 (1939): 


xamination of 65 duplicate l’mit glasses (July 26, 1934). 
olorimetric data leading to spécification 59-38 for kerosene hand lantern globes; comparison 
19-38, 69-38, and 69-35; certification of duplicate lantern glasses (September 28, 1938). 
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present a summary of these reports, to which the reader is referred {,; 
additional details, illustrate and discuss the new specifications resy};. 
ing from this work, namely, AAR Signal Section Specifications 69-3; 
69-38,? and 59-38,° and give supplementary information not else. 
where published. Comparison will also be made with other signa). 
glass specifications. 

The authors acknowledge with pleasure the interest and support o 
J.C. Mock, signal engineer, Michigan Central Railroad, who has bee) 
identified with the railroad signal glass standardization since 1904, and 
who has served as chairman of subcommittee A (of committee \] 
Designs, Signal Section) in charge of the standardization of presswar 
and disk glasses, and of A. S. Haigh, chairman of subcommittee ( 
charge of the standardization of lantern glasses and present chairma; 
of committee VI; also the invaluable advice and assistance of H. P 
Gage, chief, Optical Division, Corning Glass Works, who has prepared 
the large number of glasses necessary for the successful carrying out 
of the signal-glass standardization. 

A history of railroad signal-glass standardization prior to 1928 has 
been given by Dr. Gage in an important paper entitled, Practicy 
Considerations in the Selection of Standards for Signal Glass in the 
United States.* In that paper are noted the signal-glass specifications 
adopted in 1908 and 1918 by the then Railway Signal Associatio: 
the latter specification, No. 6918, being quoted in part. There a 
also given information on the selection and uses of signal colors an 
the various types of signal ware and spectrophotometric and colori- 
metric data on signal glasses in use prior to the adoption of specification 
69-35.5 


II. ASSOCIATION OF AMERICAN RAILROADS SCALE OF 
LUMINOUS TRANSMISSION 


In 1908 the Railway Signal Association, with the cooperation o! 
Corning Glass Works, adopted certain glass roundels, for use with th 
kerosene flame, to represent the most desirable colors then availabl 
for signal purposes. The colors were designated as red, yellow, gree! 
blue, purple, and lunar white. Each of these roundels was designate: 
arbitrarily as having a ‘photometric value” of 100, regardless of tli 
absolute or true value of its luminous transmission. They were als 


designated as the “standard” or “medium intensity” roundels. To 


allow the necessary manufacturing tolerances, certain limits of photo- 
metric value above and below the standard were specified, such as 
“light” and “dark” limits of 120 and 80, 125 and 75, or 130 and 7 
within which a glass would be acceptable for signalling purposes 
Chromaticity limits were not specified as such, but the light and dark 


? AAR Signal Section Specification 69-38, Signal Glasses (Exclusive of Kerosene Hand Lantern Giobes 
approved, 1938. The 1935 issue of this specification appeared in that year under the number 693 
differences between 69-35 and 69-38 are very slight, and no change at all was made in the transmission s 
The present transmission scale will be considered to have been established in 1935, although the data on 
which it is based were obtained and reported in 1930-32. os " 

+ AAR Signal Section Specification 59-38, Kerosene Hand Lantern Globes; approved, 1938. ‘The pres 
AAR scale of transmission is incorporated in Specification 59-38 (so far as applicable) as well as in 6s 
Specifications 59-38 and 69-38 may be obtained from R. H. C. Balliet, secretary, AAR Signal Section 
Vesey Street, New York, N. Y. 

4 Proc. Int. Cong. Illum., Saranac Inn, N. Y., p. 8384 (September 1928). ee ; 

5 Further information on the early history of railroad signal-glass standardization is given in reports 
Mr. Mock and Dr. Gage, Signal Section Proc., Am. Ry. Assoc., 30, 373, 377 (1933). 
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mits were apparently tacitly used as chromaticity limits.° By 
Se ifying the spectral transmissions of the standard roundels, a fun- 
nental record of the colors of the glasses was attempted. The 
ies so specified are given in table 1 and illustrated in figures 1 to 6. 


Spectral transmissions of the standard or medium roundels, designated as 
having a value of Taa,=100; 1908 specification ! 


Wave length | 
Lunar 


} Red | Yellow | Green | Blue Purple white 


| 
| (Millimicron | 
equivalent) 


| 
| 

















1 e original Specifications for Signal Roundels, Lenses, and Glass Slides, 
5 (1908), kindly furnished the authors by R. H.C, lliet, present secretary, 


In 1918, as a result of improvements in glass-making technique, the 
medium values for red, yellow, and green roundels were increased 
from 100 to 130, 120, and 150, respectively, with corresponding in- 
creases in the light and dark limits. A new specification was formu- 

ited, designated both as 1918 and 6918, in which new tables of spectral 
transmission were given for the medium roundels. These values are 
riven in table 2 and illustrated in figures 1 to 6. They are con- 
sidered further below. 

— extension of the transmission (photometric) limits to higher 

was based in considerable part, apparently, on values obtained 
NV a photometric comparisons of glasses of somewhat differing 
hromaticity, which introduced undesirable personal uncertainties 
mmon to heterochromatic photometry. The situation was even- 
tually made still worse with the introduction of ‘electric purples,’ 
electric lunar whites’? (glasses designed for use solely with incan- 
descent-lamp ijlluminants), and other types of glass differing notably 
ii both luminous transmission and chromaticity from the original 
standards having transmission values designated as 100. Further- 
more, the original standards had become lost. The first step in the 
present standardization, therefore, was to select new replicas of the 
lost standards and measure and define the transmissions of these new 
standards in fundamental terms. 

Although the original standards were missing, the transmission 

scale itself had undoubtedly been maintained close to its original 
value by means of duplicate working standards at Corning Glass 
Works. To reestablish the scale on an official basis, Mr. Mock, in 
Uctober 1930, endorsed six roundels as the new ARA standards, 
tugraving each “J. C. Mock, 10-3-30.” The designated trans- 


vever, the 1908 specification does state that ‘“The manufacturer must submit samples of glasses show- 
extreme limits of colors which it is proposed to furnish. ‘These shall bear labels showing the pho- 
etric values * * *,”? There were also given in the specification certain qualitative restrictions tend- 
to pre vent glass of undesir: able color from being used. ‘This original specification is considered further 
lon LV, below, 
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© 1908 SPECIFICATION 
Tasa = 10 

© 1918 SPECIFICATION 
Tasa = 130 

© 1935, 1938 SPECIFICATIONS 


103 


TRANSMISSION 








1 a ere eee ee Y 
400 500 


WAVE LENGTH 


FicurRE 1.—Spectral transmissions defining the scales of luminous transmission for 
glasses designated as red, as established respectively in the 1908 and 1918 specifi- 
cations of the Railway Signal Association and in the 1935 and 1938 specifications 
of the Signal Section of the Association of American Railroads. 


The 1938 specifications, now in effect, are designated as AAR Signal Section Specifications 59-38 and f 





Standardization of Signal Glasses 











| 


700° mp 





WAVE LENGTH 


Figure 2.—Spectral transmissions defining the scales of luminous transmission for 
glasses designated as yellow, as established respectively in the 1908 and 1918 speci- 
fications of the Railway Signal Association and in the 1935 and 1938 specifications 
of the Signal Section of the Association of American Railroads. 


The 1938 specifications, now in effect, are designated as AAR Signal Section Specifications 59-38 and 69-38. 
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FigurE 3.—Spectral transmissions defining the scales of luminous transmission 
glasses designated as green, as established respectively in the 1908 and 1918 spec 
fications of the Railway Signal Association and in the 1935 and 1938 specificat 
of the Signal Section of the Association of American Railroads. 


59-38 ar 


The 1938 specifications, now in effect, are designated as AAR Signal Section Specifications 
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WAVE LENGTH 


Spectral transmissions defining the scales of luminous transmission for 
glasses designated as blue, as established respectively in the 1908 and 1918 speci- 
jications of the Railway Signal Association and in the 1935 and 1938 specifications 
if the Signal Section of the Association of American Railroads. 


8 specifications, now in effect, are designated as AAR Signal Section Specifications 59-38 and 69-38 
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1.00 


PURPLE 


© 1908 SPECIFICATION 
Tasa = 100 

© 1918 SPECIFICATION 
Tasa = 100 

® 1935, 1936 SPECIFICATIONS 
Taan = 1Old 

Ty360 = 0-013 


TRANSMISSION 





— wn 





| 
4 
600 
WAVE LENGTH 
Ficgure 5.—Spectral transmissions defining the scales of luminous transmission for 
glasses designated as purple, as estublished respectively in the 1908 and 1918 speci- 
fications of the Railway Signal Association and in the 1935 and 1938 specifications 
of the Signal Section of the Association of American Railroads. 
The 1938 specification, now in effect, is designated as AAR Signal Section Specification 9-38 
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st 
e 1935, 1938 SPECIFICATIONS 
Taan = 99-8 


a 
T2360 = 189 








600 
WAVE LENGTH 

FicurE 6.—Spectral transmissions defining the scales of luminous transmission for 

glasses designated as lunar white, as established respectively in the 1908 and 1918 


specifications of the Railway Signal Association and in the 1935 and 1938 specifi- 
cations of the Signal Section of the Association of American Railroads. 


The 1938 specification, now in effect, is designated as AAR Signal Section Specification 69-38. 
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missions of these standard roundels, which had _ been previous 
determined by Corning Glass Works, thereby became trans SMissions 
on the ARA scale. They were as indicated in table 3. The desie 
tion 7',,,1s hereinafter used to denote values of luminous trans SMissio 
on this ARA scale. 


TABLE 2.—Spectral transmissions of the medium roundels, having valu: 
g 
indicated; 1918 specification as published 


Red llow | ree! | slue Purple 


TABLE 3.—Designations of roundels selected in 1930 as the bas 
of luminous transmission 


Corning | 
| ¢ 
. . values o ’ 
Identifying num- | Color designation | pesca || Identifying num- | Color designation 
ber of roundel | of roundel sion on || ber of roundel of roundel 
| n | 


| ARA scale | 


| Blue_- 
Purple. 
Lunar white... 


Although the ARA Signal Section and Corning Glass Works desir 
that fundamental measurements be made on their standard glasses 
and that such standard glasses be placed in the custody of the \ 
tional Bureau of Standards, there were objections to using the si 
standard roundels for these purposes. These roundels were unpolish: 
and relatively large (8 3/8 in. in diameter), and were therefore unsuit- 
able for precise spec trophotome tric measurements; furthermore, 
Corning Glass Works wished to retain them. Accordingly, Dr. G 
prepared six 2-in. polished squares for each of the six signal colors, 
these 2-in. squares duplicating the respective 8 3/8-in. roundels, bot! 
in chromaticity and in transmission, as closely as was feasib le. At 
the request of the ARA subcommittee in ch: arge, one of the authors 
thereupon went to Corning and measured the v ralues of 7,2, for eae! 
of these 36 squares in terms of the respective standard roundels, using 
the same apparatus and method as had been used for several years !! 





(ihson 
spt 


. 


e maintenance of the standards at Corning Glass Works.’ 
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The 


JJues obtained are given in column 4 of table 4. 


[TABLE 4.- 


Data obtained by one of the authors (K.S.G.) 
on the glasses selected to re place the former ARA 


at Corning Glass Works 
1 standard roundels 





ie 


| engraved | 
on glass 


r designation 


115 | 
116 
117 
118 





38 
39 | 


. 


14| 


| 


3 


ARA transmission 
| 


As 


| marked 


on label 


95. 2 
101 
105 
100 
100 
97 
(99.7) 7) 
100 
100 
100 
100 
100 
100 


102 
102 
102 
102 
100 
100 


__ >| 


100° 
100 
100 
100 
100 
100 


(100) 
100 
100 
100 
101 
101 
100 


(100. 3) 


“101 


99.5 | 


100 
100 
100 
100 


(100.,) 


4 | 
— 


Column | 
| 4 minus 
column 3 


| Color relative to 
| As deter- standard 

mined by 
K.S.G. 


97. § 
102.6 | 
104.6 | 
103. 
106. 
102. 


102. 


101. ¢ 
101.7 
102. 5 
102. 
101. 
101. £ 


101 
103. 

| 102 

| 102. 

103. ¢ 
100. 6 | 
101. 
102.2 2] 

| 101. 4 
100. 6 
99. 
99. 
Q9. 
100. 


| 100. 2 


101. 
101. 
101. 
101, 2 
101.5 
100. ¢ 


101. 


| 101. 
100. 
| 98. 
| 100. 
| 99. £ 
| _#. 9 


99. 9 





The record shows comments on but 2 of the 6 blue glasses. 
‘match.’ 


be de signated “‘more saturated’’ 


-_ 


or 


Details of these measurements are given in report 1, Signal Section Proc., 


It is uncertain whether the other 4 st 


Am. Ry. Assoc. 30, 384 (1933 


. 
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It had been agreed * that, of these six 2-in. glass squares of e9, 
color, one pair was to be deposited with the National Bureay ,; 
Standards, one pair with the secretary or other designated custodi, 
of the AR A, and one pair to remain the property of the Corning Gla 
Works Optical Laboratory. The Bureau’s glasses are identified 
table 6 as B and B’, the ARA glasses as A and J’, and the Cornj fie 
glassesas Cand C’. After the measurements at Corning, noted aboys 
these glasses were taken to the Bureau for further measurement \: 
having been further agreed that when values had been finally assic; med 
these el asses by the National Bureau of Standards they would tly 

“become the official primary ARA standards and all others, includ 
the present Corning standards, are to be subsidiary to them,’ , 

These further measurements at the Bureau are described beloy 
On the basis of these measurements, the individual values of 7,,. 
given in column 4 of table 4, were to be revised if necessary to secyp: 
more precise relative values among the six glasses of a given color: 
but such revision was not to change the mean values of Jap,4, give) 
in column 4 for each color. These mean values were to be retaine d as 
correct and final, on the basis of which a fundamental definition of t}); 
ARA scale of transmission was to be adopted. 


III. EXPRESSION OF THE ASSOCIATION OF AMERICAN 
RAILROADS SCALE OF TRANSMISSION ON A FUNDA 
MENTAL, ABSOLUTE BASIS 


~— measurements on these glasses at the Bureau consisted in: 

Measurement of the spec tral transmission of the B glass of eaci 
PP nd —The values obtained are given in table 5 and are illustrated in 
figures 1 to 6. The instruments and methods, visual and photoelee- 
tric, have been adequately described previously.? Measurements of 
transmission (where measurable) were made by one or both methods at 
every 10 mu from 380 to 760 my, in addition to visual measurements at 
various wave lengths of the Hg and He spectra from 404.7 to 667.8 mu 
The overlapping of the wave-length ranges of the visual and photo- 
electric data was extensive in all cases, and the agreement of the data 
usually good. The values adopted, table 5, are considered uncertain ir 
the last figure given. 

2. Measurement of the ratios of transmission of the A and C glasses to 
the respective B glasses as a function of wave length—The values obtained 
are illustrated in report 2.° From these measured ratios of trans- 
mission and the spectral transmissions of the B glasses, the spectral 
transmissions of the A and C glasses were computed. These are also 
given in table 5 


8’ Memorandum entitled, Plan for Reexamination and Duplication of ARA Color Standards and Limit 


now Deposited with Corning Glass Works. This memorandum was prepared by H. P. Gage and repr 
sented the conclusions of the subcommittee of committee VI, ARA Signal Section, meeting at Corning 
October 3, 1930. 

°K. 8. Gibson, Direct-reading photoelectric measurement of spectral transmission, J. Opt. Soc. Am. and Rev 
Sci. Instr. 7, 693 (1923). 

H. J. MeNicholas, Equipment for routine spectral transmission and reflection measurements, BS J. Resear 
1, 793 (1928) RP30. 

K. 8. Gibson, Spectrophotometry at the Bureau of Standards, J. Opt. Soc. Am. 21, 564 (1931). 

10 Signal Section Proc., Am. Ry. Assoc. 30, 390 (1933). 
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Baise uncertainty in these values for the A and C glasses is not much 
reater than that 1 in the yi tive values for the B glasses, because the 
ratios of transmission, 7'4/7'; and Tc / T, could be determined as a func- 
‘on of wave length with high precision. This was possible since for 
each of the colors, except red, the A, B, and C glasses were of the same 
melt and approximately of the same thickness and therefore had 

st identical spectral transmissions. 

. Derivation of the luminous transmissions of the A, B, and C 

lasses. -Luminous transmission, 7’, is herein defined as 


T LE,VT 
a= = , 5 ] 
> Hs 


n which @ is the color temperature of the illuminant, / is the relative 
pectral energy of the illuminant, V is the relative spectral luminosity 
‘visibility ) function, T is the spectral transmission, and in which the 
summations were made with values taken at every 10 my from 400 to 
“40 mu. The value of @ was taken at 2,360° K," this being the color 
temperature, approximately, at which similar det terminations had for 
wall years been made at Corning Glass Works. Values of F359 
were taken from a published table; ” values of V were those adopted by 
he Interns ational Commission on Illumination in 1924.3 The luminous 
nsmissions for illuminant at 2,360° K, T2359, were thus compute d and 
are sige a in the respective columns at the bottom of table 5 
a cure 7 has been prepared to assist in imparting an understanding 
the comieala ition Of T39, as just outlined. In this figure are given 
the spectral-distribution curves of (1) Eo¢, arbitrarily unity at 
560 mpg, (2) V, arbitrarily unity at the maximum, (3) the light, 
VEcgo (the product of V and Ao, taken at each wave length) for a 
source at 2,360° K, and (4) the light from this source transmitted 
through the respective B glasses having spectral transmissions, 7’, 
this transmitted light having the distribution 7’VEy5). The ratio of 
summations given above in defining 7359 is, for each of the six colors, 
equivalent to the ratio of the area ~ beneath the TV Ey35) curve to the 
area beneath the V9 curve. Furthermore, of course, the areas 
beneath the 7’V E255) curves have the same relative values as do the 
respective values of 7'y35), the area beneath the curve for the yellow 
glass a? ‘ing the greatest, that beneath the curve for the purple glass the 
, Just as the luminous transmission of the yellow class is the 
grea te st and that of the purple glass the least. 
{. Determination of the relative luminous transmissions of the A, 
B, per C' glasses of each of the six colors from the computed values of 
D'ss59.—These relative transmissions are given in column 5 of table 6, 
that for the B glass being taken as unity in all cases. 


rT 350 micron-degrees. For continuity with the published reports, all values of color tem- 
paper are expressed on this basis. On Le color-temperature scale more recently established 
reau (HL. T. Wensel, D. B. Judd, and W. F. Roeser, BS J. Research 12, 527 (1934) RK P677), for 
14,320, the same energy distribution is SEA by 2,355° K. For values of C3=14,330 (J. F. Skog- 
, BS Misc. Pub. M86) and 14,360 (H. T. Wensel, International Temperature Scale and some related 
tical constants, J. Research NBS 22, 375 (1939) KP1189) the respective values of @ are equal to 2,357 
Davis and K. 8. Gibson, Filters jor the reproduction of sunlight and daylight and the determination of 

er’ — BS Mise. Pub. M114, table 2 (1931). However, the values there given do not exten 

mu. Values from 730 to 760 my were used as published in report 2. 

edings Sixth Meeting of Intern. Comm. Illum., Geneva, p. 67. These adopted values are th« 
iended by Gibson and Tyndall (Visibility of radiant energy, Sci. Pap. BS 19, 131, table 3 1923) 
and are incorporated in the so-called 1931 ICI standard observer (Proceedings Eig hth Meeting of 
‘Htern. Comm. Illum., Cambridge, p. 19 (1931). D. B. Judd, The 1931 ICI standard observer and coordi- 
hate system for colorimetry, J. Opt. Soe. Am. 23, 359 (1933)) 
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5. Direct photometric measurement of the relative luminous trangy,'.. 
sions of all six glasses of each of the six colors—These measuremey;, 
were made with the Martens photometer by each of three obseryers 
and with the illuminant at 2,360° K. The mean values so obtaine 
are given in column 3 of table 6, and in column 4 are shown the ayeryo: 
deviations of each observer’s values from the mean values of colump: 


/ \iowe 


(viSiBiILITY}) FUNCTION 
SPECTRAL LIGHT 
DISTRIBUTION, 2360° K 
SPECTRAL LIGHT 
DISTRIBUTION THROUGH 
STANDARD 8 GLASSES, 
COLOR DESIGNATION 

ie ae 











WAVE LENGTH 


~ 


FiaurEe 7.—Spectral-distribution curves of illuminant at ;2,360° K and of th 
transmitted by the respective B glasses, having values of Tx42 close to 100. 


These curves illustrate the graphical equivalent of the relation defining T'ss60. 


6. Adoption of final values of relative luminous transmission for tl 
siz glasses of each of the six colors.—These values are given in column} 
of table 6. For the A, B, and C glasses these relative values are the 
means of the values obtained by spectrophotometric and photomet!! 
methods, columns 5 and 3, respectively. For the other glasses te 
values of column 3 are carried directly to column 6. Different metho 


14H. J. Keegan assisted the authors in these observaticns. 
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f i might perhaps have been used, but the deviations 
‘olumn 7) of the A, B, and C values in columns 5 and 3 from the 

on values of column 6, in no case exceeding 0.3 percent, show that 
any ot ther reasonable w eighting of the values. would not give impor- 
tantl y different results. 

Conversion of these relative luminous transmissions to the ARA 
', —_[t will be recalled that the mean values of column 9 of table 
and column 4 of table 4) were to be accepted as correct and final. 

Therefore, by dividing these mean values of column 9 by the respective 
an values of column 6, factors are obtained, one for each color, by 

vi ich the individual values of column 6 may be converted to revised 

\RA transmissions. ‘These factors are given in parentheses in place 

of the means in columns 7 and 8, and ‘the revised transmissions on 

 ARA seale are given in column 10. These revised transmissions 
ere designated as , am throughout reports 1 to 6. After the Ameri- 
1 Railway Association changed its name in 1933 to Association of 

\merican Railroads, it was deemed desirable to change the symbol 

/’.., to Tyan, eliminating the use of the prime mark. The meaning of 

/.,, is in all cases identical to that of 7’,,, wherever the latter is used 

r published. 

Fundamental basis of the Tyxn scale .—The true luminous trans- 
Rens T2390, for the A, B, and C glasses, given in table 5, are also 
viven in column 11 of table 6. From the values of 7’,,, in column 10 
and these values of Tog in column 11 may be derived the value of 
Dn, equivalent to 7” s2,= Ty4n2= 100.0. Such values are shown in column 
12, together with the mean values thus obtained. These mean values 
afford a fundamental definition and conversion of values of T's,2, 
being based upon spectrophotometric measurements, and are the 
valu es which should result if direct photometric measurements of the 
luminous transmissions (7 359) of glasses having values of 7',,,—100.0 
were made by a large number of observers under standard conditions 
of observation, or if the hypothetical 1931 ICI standard observer 
ould make such measurements. The mean values of column 12 are, 
however, subject to considerable uncertainty in the last significant 
figure tabulated. The values of table 7 have therefore been adopted 
as expressing the fundamental relation between values of 7,, and 

1€S of Tose0. 
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TaBLE 7.—Relation between values of T,., and of T2390, which defines the lum;y, 
transmission scale established in the 1935 and 1938 AAR signal-glass specifieg. 
tions , 





Equivalent 
luminous 
transmission, 

Color designation of | AAR trans- 1931 ICI Color designation of AAR trans- 
glass mission, Trae standard glass mission, Ta, 
observer, observer 
illuminant illumi 
2,360° K, T'2300 | 


| 








1] 
100.0 0. 069 |} Blue . 100.0 | 
100.0 Cin 100. 0 | 











100. 0 .119 | sunar white 100.0 | 
iL 





1 The original derived value was 0.1895 (table 6). This was at first cut back to 0.189 and was so publish: 
in report 5 and in J. Opt. Soc. Am. 24, 57 (1934). Later work has, however, indicated that 0.190 is 
accurate conversion factor than 0.189. 


It may be noted that these conversion factors are valid only 
2,360° K; in fact, the 7... scale, by definition, exists only at this co] 
temperature of illuminant. The variation of absolute luminous tray 
mission, 7, with color temperature, 67 of illuminant will be shown for 
various signal glasses in a later paper. 

The question may perhaps arise as to why, in a fundamental analysis 
and standardization of signal glasses and colors such as the present, 
the ARA scale of transmission was not entirely discarded in favor of 
the absolute scale. It is obviously just as convenient, and from the 
scientific standpoint preferable, to insert absolute rather than relative 
values in a specification. Such a change was not made, however, for 
the following reason: 

The ARA scale of transmission (with perhaps some variation, see 
below) has been in existence for over 30 years and has been universally 
used by the signal engineers and glass manufacturers to designate the 
luminous transmission of a glass relative to its respective standard 
(Txn,=100). It would be a matter of considerable inconvenience for 
the engineers and manufacturers to use a new scale, and continual 
reference to a conversion table would be necessary for a long time 
Such confusion was deemed unnecessary and was avoided by the pr- 
cedure outlined in this section, whereby the existing scale was kept i 
effect with relatively minor revisions but was placed on a consistent 
absolute basis by means of the conversion factors specified. 

In accord with the understanding noted earlier in the paper, the 4 
and A’ glasses have been deposited with the Signal Section of the 
Association of American Railroads (letter of 1—5-38, Director NBS 
to Mr. Balliet, secretary, AAR Signal Section), the C and C’ glasses 
have been deposited with Corning Glass Works (letter of 1-5-3, 
Director NBS to Corning Glass Works), and the B and B’ glasses are 
in the custody of the Colorimetry and Spectrophotometry Section 0! 
the National Bureau of Standards. It should be noted, however, 
that the present standardization of the AAR scale of luminous tran 
mission, being based upon fundamental measurements and compl 
tations, is independent of these standard glasses which were used in 1'§ 
determination, and if these material standards ever become lost 0! 
damaged, the accuracy and usefulness of the scale, as defined in table 
7, will in no wise be affected. 
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1v. COMPARISON OF THE TRANSMISSION SCALES AS 
EXPRESSED IN THE 1908, 1918, AND 1935 (AND 1938) 
SPECIFICATIONS 


It is of interest to compare the present AAR transmission scale, 
js defined for the six signal colors by the data of table 7, with the RSA 
<eales, defined by the data of tables 1 and 2, taken from the 1908 and 
1918 specifications, respectively. From the continuity of the signal- 
class standardization since 1908, as outlined above, huge differences 
between the three scales’ are not to be expected. On the other hand, 
it would be very surprising if the personal errors of heterochromatic 
photometry, Which have been involved in the production and the 
maintenance of the earlier scales and to some extent in the transfer of 
standards illustrated in table 4, and the lack of precision of some of 
the earliest spectrophotometric data, did not cause real or apparent 
changes of many percent in the true luminous transmission of glasses 
having values of Tys, or Z's4n equal to 100, as defined in the various 
specifications. a ; 

Reference to the spectral-transmission data of figures 1 to 6 is of 
interest in this connection. The spectral quality of the glasses would 
seem to have improved since 1908, particularly in the case of the 
yellow, blue, purple, and lunar-white glasses. This is indicated by 
the increase of transmission at the high transmissions, accompanied 
inmany cases by a decrease of transmission at the low transmissions. 
On the basis of these data one would judge that glasses of purer, more 
saturated colors had been developed with no loss of luminous trans- 
mission; or, of greater practical importance, that signal glassware of 
considerably greater transmission had been developed with no loss 
of distinctness of the signal color. However, it is understood that no 
intentional changes have ever been made in the composition of the 
blue, purple, or lunar-white glasses. Probably, therefore, the appar- 
ent differences in these graphs are largely due to spectrophotometric 
error in the earlier data. Changes in either the type of glass or the 
medium value have been made at various times with the red, yellow, 
and green glasses, but these will be considered in the later papers. 

It had been hoped to make accurate comparison of the three trans- 
mission scales from these spectrophotometric data by (1) deriving 
the luminous transmission, 73g, of the glasses from the 1908 and 
1918 data, as had been done from the 1935 data, and (2) reducing 
these values of 7369 by the proper ratio (7y.,/100) to get the value of 
Ty) corresponding to 7,,=100. However, the 1908 data are so 
meager that the uncertainties of interpolation would largely defeat 
the purpose. Furthermore, their reliability is open to some question, 
not only for the reason noted above but also in view of (1) the erratic 
values for the yellow glass at the longer wave lengths and (2) the zero 
values of transmission for certain of the glasses at the A line (761 my), 
which, in view of present knowledge of the spectral absorption of 
glasses, cannot be correct if the data at the a and B lines are reasonably 
accurate, 

The 1918 data are more extensive and reliable, however. The data 
are given at every 20 my (table 2), and values of T359 computed from 
these data should afford an interesting comparison. To make this 


L————— 

In the preceding parts of the paper the various transmission scales to which reference is made in the 
present section have been mostly treated as various versions of the same scale. It is more convenient in 
‘His section to consider them as separate scales. 
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comparison as valid as possible, the values so computed have hep, 
compared with similar values computed from the recent Spectropho 
tometric data (table 5) for the same wave lengths (every 20 my) in, 
stead of using the values of Ts) given in tables 5 and 6. The val ae 
for the B glasses were used for this purpose. Results are giyey ;, 
table 8. “ 

It will be noted that none of the differences is as large as 10 perce; 
The differences for the blue and purple standards are subject 4 
large uncertainty, because but one significant figure is given in th 
1918 spectral-transmission data for these glasses (table 2) in the regio, 
of high luminosity (510 to 650 my). The differences for the yellow 
green, and lunar-white standards are subject to less uncertainty fron 
this cause. Those for the yellow and green are probably explaina}|: 
by the uncertainties of heterochromatic photometry. Reference ; 
column 4 of table 6 shows average deviations for the red glasses up t 
2 percent, and the chromaticity differences involved in those compar- 
isons are probably much less than those present when the change 
from 100 to 120 and 150 were made for the respective yellow and gree; 
medium glasses. (It follows, of course, that the close agreement show) 
in table 8 for the red standards is fortuitous.) The reason for the 
difference in the values for the lunar-white standards is uncertain. 

Inspection of figures 1 to 6 would indicate that the original (1993 
yellow and lunar-white standards would have a J»3—) value considerably 
in excess of both the 1918 and the 1935 standards, but no certaiy 
differences are indicated by the data for the standards of the other 
colors. As already explained, it seemed inadvisable to attempt con- 
putations of 7369 from the 1908 data. 


TABLE 8.—Comparison of values of T2350 computed for values of Tpas,=100.0 fro 
the 1918 specification, with similar values for T442=100.0 computed from data on 
which the 1935 specification is based 








T2160 
=— —| AT o300 (col- 
: umn 2 minus 
Txex=100.0 | Trax=100.0 column 3) 

(1918) (1935) 





Color designation 


‘ ; ed iain 0. 0662 0. 0672 . 0010 
Gr pitioc nen . 268 . 247 021 
Green. iatatin essllaeligetas aeehiolocas : : - 129 .119 +. O10 
Le cite ; = 0203 0221 0018 | 
Purple sien . 0134 0124 +. 0010 
Lunar white eepelamen aes | . 199 . 189 +. 010 














Question may also be raised as to the agreement of the ARA scale, 
as exemplified by the roundels endorsed by Mr. Mock in 1930, table 
3, both with the 1918 RSA scale and with the 1935 AAR scale now 
effect. This cannot be answered certainly without making spectril- 
transmission measurements on the roundels selected by Mr. Mock 
However, if the values of T,,, were assigned to these roundels by tle 
same Corning observer as assigned the values of T,,, for the si 
squares of each color, as given in column 3 of table 4, it may be cot- 
cluded, by comparing the mean values of columns 3 and 4 of table 4, 
that the ARA and AAR scales are in close agreement. The differences 
are approximately 3 percent for the red, 2 percent for the yellow, au 


18 That is, hypothetical glasses having values of Tusa Or T'san= 100.0. 





lloy 
irom 
lable 
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—_— or less for the glasses of the other colors. For the green, 

ie, purple, and lunar- white glasses, therefore, the 1930 AR A scale 

; in very close agreement with the 1935 AAR scale, and hence differs 

from the 1918 RSA scale by approximately the same values as are 
con in the last column of table 8. For the yellow glasses the ARA 


ai 
le is intermediate between the RSA and AAR scales. For the red 


sca 


classes the AAR scale appears intermediate between the other two, 


put the various data are too uncertain for any definite statement. 

In conclusion, the authors wish to call attention to the ploneering 
vork of the railroad signal engineers in color specification. No search 

{ the literature has been made, but, so far as the authors are aware, 
the 1908 specification was the first effort, at least in this country, to 
Jace the colorimetric part of a purchase specification on a funda- 
: ental basis. This specification was the result of cooperation between 
he Railway Signal Association and Corning Glass Works. It fol- 
yee logically the very excellent treatment given in a paper” en- 
itled, The Roundel Problem, by \Wm. Churchill of Corning Glass 
Works. 

This 1908 specification contained the following eee essential to 


all — te and adequate colorimetric specifications: 


It was based fundamentally on spectrophotometric analysis of 
the preven 
2, It specified tolerances within which the manufactured product 
must come. 
That the spectrophotometric analyses and the colorimetric piso 


‘cations were somewhat inadequate, judged by present-day criteria, i 


no wise detracts from the foresight and judgment leading to the lie. 

mulation of a specification so far in advance of its time. “The lack of 
spectrophotometric precision was largely remedied in the 1918 spec- 
ification, but the adequate colorimetric specification of the tolerances 
ad to wait until first the Optical Society of America and then the 
veseliiad Commission on Illumination ® had set up computa- 
tional procedures and data suitable for such purpose.” It is interest- 
ing to note, however, that the “mixture diagram’’, so essential in 
specifying the chromatic properties of signal lights, was illustrated in 


tcolors and used by Dr. Churchill in his study of the characteristics of 


signal glassware, to which reference has just been made. 


WASHINGTON, March 28, 1939. 


ted at the Ninth Annual Meeting of the Railway Signal Association, Niagara Falls, N. Y., 
2, 1905. 
t of Cor mmittee on Colorimetry for 1920-21, L. T. Troland, Chairman,"J."Opt."Soc.”"Am. and 
str. 6, 527 (1922). 
ceedings of the E ighth Session, Cambridge, p. 19 (1931). 
Chis will be treated in the next paper. 
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DEVELOPMENT OF A FIBROUS TEXTURE IN COLD- 
WORKED RODS OF COPPER 


By Herbert C. Vacher 


ABSTRACT 


Mono- and bicrystalline rods of copper were subjected to different degrees of 
id-swaging and were examined with X-ray diffraction and metallographic 
The results indicate that swaging causes the crystals to rotate until 
ither an octahedral or a cubic axis becomes parallel with the rod axis. Whether 
the erystal assumes the octahedral or the cubic orientation depends upon which 
axis initially formed the smaller angle with the rod axis. Crystals approaching 
e octahedral orientation developed secondary crystals, after approximately 
60-percent reduction in area. On further sSwaging, these secondary crystals 
approached the eubie orientation. Crystals initially approaching the cubic orien- 
tation remained one crystal after 95-percent reduction in area. 


CONTENTS 
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2. Changes in orientation resulting from swaging 
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5. Orientations of secondary crystals 

III. Discussion 
1. Manner of changing the orientation of a copper crystal by 

BW ne a ane a th RAE _. 662 

2. Bending of slip planes and a possible origin of secondary crystals. 664 
3. Fibrous texture of cold-worked rods 665 

IV. Summary 3 
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I. INTRODUCTION 


X-ray diffraction patterns indicate that a severely cold-worked 
metal consists of small crystal fragments called crystallites. The 
ultimate size of the crystallite is of the order of 10° cm and is inde- 
pendent of the cold-working process. However, if the metal is a rod 
whose diameter has been reduced more than about 30 percent by 
cold-working, the crystallites are found to be in a position where a 
particular crystallographic axis is more or less parallel to the rod axis. 
Other axes of the crystallites are randomly oriented in respect to a 
direction perpendicular to the rod axis. This type of structure is 
referred to usually as a fibrous texture and is developed from crystals 
that initially were randomly oriented. The particular axis, however, 
that is parallel to the rod axis is not always the same for different 
metals, for example, in rods of iron or aluminum a dodecahedral axis 
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and an octahedral axis, respectively, are parallel to the rod ; 
Some metals, such as copper, gold, and silver , produce a fibrous te ion 
in which some crystallites have an oct: ahedr: ul axis and others haye 
cubic axis parallel to the rod axis. 

The microstructure of a cold- worked rod shows that crystals jpj. 
tially equiaxed are elongated in the direction of the rod axis and re. 
semble thread-like fibers. The structure within the individual fie, 
is homogeneous as far as can be ascertained from the literature, tha; 
is, the banded structure frequently observed in the crystals of metal; 
cold- worked by flat rolling evidently is not common in round rod; 
Therefore, it appears s that a cold-worked rod consists of fibers whic 
are composed of small crystallites having a preferred orientation, _ 

In copper rods where the fibrous texture consists of two orienta. 
tions, an octahedral axis or a cubic axis parallel to the rod axis, eel, 
fiber must represent one of these orientations. There has been j) 
experimental work to verify this conclusion or to indicate how thes 
apparently stable orientations are developed. In order to supply 
this information, it is necessary to show the history of the changes 
in structure occurring when crystals with different: orientations are 
elongated into fibers. This has been done by swaging large crystals 
of copper and determining the structure after different degrees of 
cold-work with the usual metallographic and X-ray-diffractioy 
methods. 


II. PROCEDURES AND RESULTS 
1. MATERIAL AND SWAGING 


Electrolytic copper of wire-bar purity was melted in a graphite 
crucible and with an Arsem furnace. The crucible was shaped to 
form rods % in. in diameter and 6 in. long. This procedure produced 
oxygen-free rods of copper which were then converted by the Bridg. 
man [1]! method into rods consisting of one or a few large crystals 
To do this, several of the rods were placed in close-fitting holes drilled 
in a cylinder of graphite and then lowered slowly (about 4 in. per 
hour) through a furnace maintained at approximately 1,100° ( 
The resulting rods were 0.337 in. in diameter and usually consisted 
of from one to four crystals running approximately p arallel to the 
rod axis. Four rods were used in this investigation, es rods eacl 
consisting of one crystal and two rods each consisting ‘of two crystals 
Both crystals of each bicrystalline rod extended the full length of th: 
rod, so that a cross section always showed two crystals. 

Each of the rods was cold-swaged progressively through 19 tapered 
dies to a reduction in area of approximately 95 percent. Specimens, 
representing reductions in area of approximately 30, 60, 80, and 93 
percent, were cut from the rods and used for examination with tl 
microscopic and X-ray-diffraction methods. Table 1 shows the 
various steps that were employed in reaching each of the above stages 
in reduction. 


1 Figures 1 to 9 in brackets indicate the literature references at the end of this paper. 
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“ Back-reflection”’ diffraction patterns showing the changes in orien 
monocrystalline rods 1 and 2 after increasing degrees of swaging 


econd digits of the number in the lower right corner of the patterns are the rod 1 
ition number shown in table 1, respectively Unfiltered molybdenum radiat 
ihole; 3.0-em film-to-specimen distance. 








Fibrous Texture in Cold-Worked Copper 653 


EB 1.—Dies used in oblaining different degrees of swaging 
ees 3 
' A pproximate 
Diameter of dies | reduction in 
area 


| in. | % 
| 0.320, 0.305, 0.290, 0.275. ___ 

| 0.265, 0.255, 0.245, 0.235, 0.225, 0.205 

| 0.195, 0.175, 0.160, 0.145, 0.130 

| 0.115, 0.100, 0.085, 0.070. - -_ 


2. CHANGES IN ORIENTATION RESULTING FROM SWAGING 


Patterns indicating diffractions from an area near the center of a 
crystal, shown in cross sections of the rods, were made by the back- 
veilection method after deeply etching the rods with diluted nitric acid 
‘) remove any effects resulting from their preparation. In making 
‘hese patterns the collimated X-ray beam was parallel to the rod axis. 


The source of radiation was a Coolidge tube with a molybdenum 
target operated at approximately 28 kv. Figure 1 shows the patterns 
obtained from monocrystalline rods 1 and 2 after different degrees of 
swaging. Both series of patterns show similar differences in the dif- 
fraction spots with increasing degrees of cold-working. However, it 
is easily seen that the spots in patterns obtained from rod 1 approach 
an arrangement of threefold symmetry, and those in the patterns 
btained from rod 2 approach an arrangement of fourfold symmetry. 
(is indicates that the orientations of the monocrystalline rods 1 and 
2 asa whole have changed, so that in the case of rod 1 an octahedral 
axis is parallel to the rod axis, and in the case of rod 2 a cubic axis is 
parallel to the rod axis. 

The orientation of the crystals after different degrees of swaging 
was computed from the patterns shown in figure 1 and similar patterns 
obtained from the crystals in the bicrystalline rods. For patterns of 
the type shown as 11, 12, 21, and 22, figure 1, Greninger’s method [2] 
was used. In this method a specially constructed graph is used to 
letermine the angles between spots or zonal curves on a back-reflec- 
tion pattern. ‘Then, by comparing a number of these angles with the 
uigles between crystallographic planes, the spots on the pattern can 
be identified and the orientation determined. However, for patterns 
such as 13 and 14, which do not show the characteristic zonal curves 
of the Laue pattern, a slightly different method was required. The 
utter patterns show the range of orientations (indicated by the 
length of the circular arcs) of the crystallites around the rod axis. 
[he average orientation of these crystallites in respect to the rod 
wxls Is What is required. This can be obtained accurately by con- 
structing a pole figure. However, when the range of orientations is 
small, as apparently is the case of the crystallites represented by pat- 
terns 13 and 14, the average orientation can be determined approx- 
mately by the following procedure: 

Che pairs of arcs in patterns 13 and 14 are diffractions of the K 
ulpaa doublet, and, consequently, the corresponding diffracting 
planes, can be identified. This is conveniently done by making a 
drawing showing the diffraction rings corresponding to all of the 
possible planes that could register diffractions of the K alpha doublet 
ona 5 by 7 film at the film-to-specimen distance used in obtaining the 
diffraction patterns. Then, by placing the film over the drawing, the 
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ares are identified by their coincidence with the rings of the drawing 
The centers of the identified arcs then are plotted stereogr: aphically 
and the angle of rotation [3] i is found which brings corresponding poles 
of a standard projection in best agreement with the plotted poles 

This angle of rotation then is used in locating the cubic, oct; data 
and dodecahedral poles. The orientations of the crystals in rods , 
—” 4, before and after different degrees of swaging, are showy }, 
table 2. 


TABLE 2.—Orientations of the crystals in rods 1, 2, 3, and 4 after different deg 
of swaging 
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0 29 38 


30 36 45 
60 39 49 
































1 A and BP indicate the two crystals in the bicrystalline rods. 


The results show that an 80-percent reduction in area caused ap 
octahedral axis to become parallel to the rod axis in the case of rod 
1 and a cubic axis in the case of rod 2. Figure 2 shows the orientations 
of the rod axis after different degrees of swaging. They lie approx: 
mately on a great circle, which indicates that the final orientatio 
resulted from a rotation about one axis. Rod 3 was a bic rystalline 
rod, crystal A initially having a cubic axis inclined to the rod axis } 
18 degrees, and crystal B initially having a dodecahedral axis incline 
to the rod axis by 6 degrees. (See specimens 31 A and 31 B, table? 
The change in orientation of crystal A was similar to thet of the single 
crystal of rod 2. Long diffuse spots made orientation determinations 
uncertain for crystal B after reductions in area of more than 30 percent. 
However, the orientations at 30-percent reduction show that the 
angle between the dodecahedral axis and the rod axis had increased 
and the angle between the octahedral axis and the rod axis had de- 
creased. Therefore, the change was similar to that which occurred 
to the crystal of rod 1. Rod 4 was also a bicrystalline rod, in which 
crystal A (specimen 41 A, table 2) had an initial orientation similar to 
that of the crystal of rod 2, and crystal B (specimen 41 B, table 2 
had an initial orientation similar to that of rod 1. The chi anges In 
orientation resulting from 30- and 60-percent reduction in area indicate 
that swaging produced a tendency for the octahedral axis in crystal 
B and the cubic axis in crystal A to become parallel to the rod axis 
The fact that the changes in orientation of the crystals in the bicrys- 
talline rods were similar to the changes in the monocrystalline rods 
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wrongly suggests that the changes are independent of crystal bound- 
aries and therefore independent “of grain size. 

| "The results, as a whole, indicate that when a copper rod consisting 

{ one or more crystals is deformed by swaging, the crystals rotate 


4] either an octahedral or a cubic axis becomes parallel to the rod 


ntil 














ROD 3 ‘ ROD 4 


FIGURE 2.—Stereographie projections showing the orientations of the crystuls in 
rods 1, 2, 3, and 4 after different degrees of swaging. 


The small circles represent the rod axis. The numbers correspond to the identification numbers of table 1. 


axis, the choice depending upon which of the two axes initially formed 
the smallest angle with the rod axis. 


3. APPEARANCE OF THE ENDS OF SWAGED RODS 


By continued swaging of monocrystalline rods 1 and 2, the ends of 
the rods developed shapes that are related to their ultimate orienta- 
tions. These characteristic appearances were developed, in each stage 
of swaging, at the ends of the rods which, before swaging, had been cut 
off Hat and perpendicular to the rod axis. Figure 3, photographs 1 
and 2, show these characteristic surfaces developed at the ends of 
rods | ‘and 2, respectively, in swaging from 60- to 80-percent reduction 
in area. The depression at the end of rod 1 resembles the inverted 
corner of a tetrahedron and has a threefold symmetry. It should be 
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recalled that the diffraction pattern 14, figure 1, which corresponds ; 
this rod and degree of swaging, also has a threefold symmetry, 17), 
depression at the end of rod 2 resembles the inverted corner of « 
octahedron and has a fourfold symmetry. The corresponding diffpy. 
tion pattern of rod 2 (24, fig. 1) also has a fourfold symmetry. Tho 
characteristic surfaces could be recognized at the ends of rods | and 9 
at stages representing smaller amounts of cold-working, that is, fro» 
0- to 30- or from 30- to 60-percent reduction in area. In swaging frp 
80- to 95-percent reduction, rod 1 did not develop the characteris, 
surface observed at lower degrees of swaging, but rod 2 did, 1) 
reasons for the difference in the behavior of the two rods become 9». 
parent when their macrostructures are examined. 

Figure 3, photograph 3, shows the surface developed by a sligh; 
reduction in area of bicrystalline rod 4, which had been previously 
swaged to a reduction of 60 percent. Swaging has caused the larger 
crystal in the cross section to flow beyond the smaller crystal. Further 
the surface of the larger crystal resembles the surface developed at 
the end of rod 2 (photograph 2) with one quadrant occupied by tly 
smaller crystal. The orientations of the large and small crystals cor. 
respond, respectively, to specimens 43.A and 438, table 2. They 
orientations are approximately the same as rod 2 and rod 1, resper. 
tively, after a 60-percent reduction in area (see specimens 23 and 13 
table 2). Therefore, photograph 3 indicates that crystals having 
orientations similar to rod 1 are more resistant to deformation by 
swaging than crystals having orientations similar to rod 2. This 
conclusion was supported by the observation that a single pass throug! 
each of the swaging dies of stage 5 reduced the diameter of rod 1 from 
0.141 to 0.080 in., whereas similar treatment of rod 2 reduced its 
diameter from 0.140 to 0.072 in. These results indicate qualitative) 
that rod 1 was more resistant to deformation by swaging than rod ? 

The correlations between the characteristic surfaces developed by 
swaging, the relative resistance of crystals to deformation, and their 
orientations indicate that the manner of the distortion is related t 
the crystal structure. This will be discussed after presenting th 
remainder of{the results. 


4. METALLOGRAPHIC EXAMINATION 


The macrostructures of cross sections and longitudinal sections o/ 
rods 1, 2, and 3, at various stages of reduction, are shown in figure 4 
The light and dark areas shown in the sections of the monocrystallin: 
rod 1 indicate that the rod contains portions differing in orientation. 
Similar areas, referred to as deformation bands, have been found in the 
crystals of rolled copper plate [4] and in compressed specimens of 1ro! 
that were originally monocrystalline [5]. Inasmuch as these areas 
indicate differences in orientation, they can be considered as represent: 
ing sections of crystals, some of which were formed as a result of the 
deformation. 

Diffraction patterns from the central portion of rod 1 have shown 8 
progressive change in orientation. This portion of the rod, thereiore. 
is part of the original crystal, and the other crystals near the periphery 
have formed from it. In order to distinguish between the original 
crystal and the new crystals, the former is referred to as a primary 
crystal and the latter as secondary crystals. 
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Characteristic surfaces at the ends oO; the monocrystalline 
and the bicrystalline rod 4 after swaging. 

talline rods the surface metal flowed more than the central metal, thus forn 

In the bicrystalline rod the larger crystal flowed more than the smaller 
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2 and bicrysta 


Figure 4.—Macrostructure of monocrystalline rods 1 and 
at different stages in swaging. 


Secondary crystals, light and dark areas in No. 1, with different orientations from that of the o 
developed during swaging. Rod 2, with different initial orientation from that of rod 1, d 
The crystal at the left of the bicrystalline rod 3 followe 
Specimens e 


secondary crystals during swaging. 
of monocrystalline rod 1, the other crystal resembled monocrystalline rod 2 
5, with a ring illuminator 


with 10-percent aqueous ammonium persulfate, 
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Figure 5.—Typical microstructure of copper crystals after swaging to a 95-percent 
reduction in area. 


10-percent ammonium persulfate. .A, cross section of rod 3, X40; B, longitudinal section of 
rod 3, X40; C, cross section of rod 2, 30. 
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The macrostructure of cross sections of the monocrystalline rod 2 
after 60- and 80-percent reductions indicates that it has remained one 
opystal, and the diffraction patterns 23 and 24, figure 1, indicate that 
, cubic axis is parallel or nearly so to the rod axis. The orientation 
of the crystal on the right side of the cross sections of rod 3, figure 4, 
is approximately the same as the monocrystalline rod 2 after both rods 
were reduced 60 percent, and like the monocrystalline rod 2, the cross 
sections of this crystal after 80- and 95-percent reductions show only 
one crystal. The macrostructure of the crystal on the left side of the 
ross section, whose orientation after a 30-percent reduction was similar 
to the initial orientation of the monocrystalline rod 1, shows pri- 
mary and secondary crystals after 80- and 95-percent reductions, as 
did the macrostructure of rod 1. 

Figure 5 (A and B) shows the microstructure of cross and longitudi- 
nal sections, respectively, of the bicrystalline rod 3 after 95-percent 
reduction. The light area in the upper left side of the cross section 
corresponds to one of the two original crystals, and the remainder of 
the cross section, containing the jagged crystals, corresponds to the 
other original crystal. Whenever a microscopic examination of a 
cross section showed that the original crystal had been converted into 
several crystals, their boundaries were jagged and irregular, as shown 
inmicrograph A, figure 5. It appears that crystals formed during the 
deformation start at the periphery of the rod and grow in an irregular 
manner toward the center of the rod. This suggests that the newly 
formed crystals originate in portions of the rod where the distortion is 
createst. 

Microscopic examination did not show more than one crystal in 
the cross sections of the monocrystalline rod 2. However, it did show 
a heterogeneous structure after 95-percent reduction. This structure 
is shown in micrograph C, figure 5, and consists of curved narrow 
bands having two principal directions forming an angle of approxi- 
mately 90 degrees. Inasmuch as a cubic axis is parallel to the rod 
axis, this suggests that the curved bands are related to certain planes in 
the original crystal that have been bent as a result of the deformation. 

The presence of a fiber-like structure in the longitudinal section 
of rod 2 after 95-percent reduction (fig. 4), the absence of evidence of 
more than one crystal in the cross section, and the indication of curved 
planes are important and show that swaging has caused some of the 
crystallographic planes to bend about axes that are parallel to the rod 
axis. 

The results of the metallographic examination have shown that 
crystals which rotate so that an octahedral axis tends to become 
parallel to the rod axis are converted into primary and secondary 
crystals at a reduction in area of approximately 60 percent. In addi- 
tion, it has shown that crystals which rotate so that a cubic axis 
becomes parallel to the rod axis remain one crystal after 95-percent 
reduction, although the crystallographic planes probably are bent. 


5. ORIENTATIONS OF SECONDARY CRYSTALS 


In order to obtain more definite information on the orientations of 
the secondary crystals, diffraction patterns were made by the “‘reflec- 
tion method” in which the specimen is mounted so that the surface is 
grazed by the collimated beam of X-rays. The film is usually flat 

146065—39-——3 
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and is placed perpendicularly to the collimated beam on the side of 
the specimen opposite the X-ray tube at a convenient distance (4; 
em for this work). 

The rotational diagram, figure 6, shows the pattern of diffractio; 
spots obtained by the “reflection method,” using monochromatic 
radiation, when a face-centered cubic crysté al is rotated with its ax 
of rotation perpendicular to the X-ray beam and coinciding with 
either an octahedral or a cubic axis. In figure 6 the axis of rotation js 
parallel to the line AB. The center represents the ee 
beam, and the solid and dashed rings (Debye rings) represent the | 
of diffractions of the K alpha radiation and the peak of the whit 


5 


FicurRE 6.—Rotational diagram showing arrangement of diffraction spots from a 
face-centered cubic crystal. 


Large and small circles on the concentric rings represent rotations about an octahedral and a ¢ 
respectively. 


radiation, respectively. The large and small circles on the rings 
show the locations of the diffracted beams from the octahedral and 
cubic rotations, respectively. The correspondence of the spots on 
this diagram with the spots on a diffraction pattern obtained from 2 
polycrystalline copper rod, when the rod axis was perpendicular to 
the X-ray beam, indicates that some of the crystals are oriented with 
an octahedral axis and others with a cubic axis parallel to the rod axis 


“f 


The pattern J, figure 7, is a pattern of this type and was obtained 
from a cold swaged rod of polycrystalline copper. Previous to 
swaging, this rod was cut from a cold-drawn rod, annealed at 400 ( 
for 15 minutes, then swaged to 95-percent reductiou in area. efore 
making the pattern the specimen was deeply etched with dilut ted 
nitric acid. This procedure was followed for all subsequent patterns. 
The method of matching corresponding spots in a diffraction patter 
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with spots in a rotational diagram was used by Schmid and Wasser- 
mann [6] when studying the textures of wires. It has been used in 
‘his investigation to determine the orientations of crystals in rods 1, 
9 and 3 after swaging to reductions in area of 80 and 95 percent. 

~ The patterns shown in figure 7, with the exception of J, are typical 
of the patterns obtained from rods 1, 2, and 3 after 80- and 95-percent 
reductions in area. The patterns A, B, C, and D contain spots corre- 
sponding only to the large circles of the rotational diagram, figure 6. 
This indicates that the crystals irradiated by the primary beam are 
oriented with an octahedral axis parallel to the rod axis. It can be 
seen also that some of the large circles in the rotational diagram are 
not represented in the diffraction pattern. This indicates that the 
crystals, in addition to having an octahedral axis parallel to the rod 
axis, have other axes that approximately are oriented in respect to a 
direction perpendicular to the rod axis. The orientations of these 
crystals would be equivalent to a rotation, of less than 120 degrees, of 
a single crystal about an octahedral axis which is parallel to the rod 
axis. Rotation of 120 degrees about an octahedral axis would repro- 
duce the orientation of the crystal. The orientations represented by 
patterns A, B, C, and D are referred to as type A. The patterns 
fF, G, and H contain spots corresponding only to the small circles 


Lu, 


of the rotational diagram and, like the patterns A, B, C, and D, 
some of the small circles are not represented by spots in the diffraction 
patterns. The orientations of the crystals represented by the pat- 
terns L, F’, G, and H therefore are equivalent to a rotation, of less than 
9) degrees, of a single crystal about a cubic axis which is parallel to 
the rod axis. A rotation of 90 degrees about a cubic axis would repro- 
luce the orientation of the crystal. The orientations represented by 
patterns , F, G, and H are referred to as type B. The pattern K 
represents orientations intermediate to types A and B and is referred 
toas type C. This particular pattern indicates orientations such that 
a cubie axis of the crystals is inclined to the rod axis by about 15 
degrees. The patterns Z and M indicate that the beam of X-rays 
irradiated crystals having orientations corresponding to types A 
and CU 

The orientations of crystals that would produce patterns of the 
types A and B are shown in the projections of figure 8. Projection A 
corresponds to type A with an angle of rotation of about 40 degrees ” 
about the rod axis. This value is obtained from the arc length of the 
spots in pattern 14, figure 1. The angle of rotation about axes per- 
pendicular to the rod axis is 15 degrees and is the average value of 
the are length of the spots shown in the patterns of figure 7. Projec- 
tion B corresponds to type B and shows the angle of rotation about 
the rod axis to be 30 degrees. This value represents the arc length of 
the spots in pattern 24, figure 1. The angle of rotation about axes 
perpendicular to the rod is 15 degrees, the same as projection A. It 
is not to be implied that orientations of types A and B have definite 
ages of rotation such as are indicated by projections A and B. The 
projections represent in a general way the range of orientations that 
could produce patterns of the type shown in patterns A to H, figure 7. 
Actually, the range of orientations probably would show a larger 
angle of rotation around the rod axis as the distance between the 


—————— 
* The angle of rotation around the rod axis is equivalent to the arc length of the areas containing the poles, 


; * Polation about an axis perpendicular to the rod axis is equivalent to the arc width of the areas 
Outaining the poles. 
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FicgurE 8.—Stereographic projections showing the octahedral orientation, A, and th 
cubic orientation, B. 


The rod axis is normal to the projection planes. 
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inter of the rod and the area ex xamined increases. The angle of rota- 
‘jon around the rod axis would increase also as the percentage reduc- 
y in area increases. 
The macrostructure of a cross section of rod 1 after an 80-percent 
luction, figure 4, shows that the primary crystal extends to the 
pe eriphery at a and b. Diffraction patterns obtained from areas on 
he tee e of the rod corresponding to a and b indicated orientations 
{ type A. It may be confusing to imply that a crystal seen in the 
macrostructure has more than one orientation, but this means simply 
that a macroscopic crystal consists of ery stallites with a definite range 
of orientations, as revealed by diffraction patterns. In order to avoid 
confusion, the apparent crystal seen in the macrostructure is referred 
to as a crystal, and its orientation is the average orientation of the 
rystallites of w hich it consists. In the case of crystals having orienta- 
tion ranges of the types A and B, the average orientation 1s respec- 
tively an octahedral axis and a cubic axis parallel to the rod axis; see 
projections A and B, figure 8. Diffraction patterns representing 
eas corresponding to ‘the secondary crystals of rod 1, shown as c and 
1 figure 4, indicated orientations of the type C. The experimental 
t-up and - smallness of areas corresponding to a, b, c, and d did 
t permit a similar correlation of diffraction patterns with macro- 
structure after 95-percent reduction. However, numerous patterns 
rade with the specimens rotated slightly about the rod axis after 
each exposure indicated orientations of types A and B, although some 
atterns were still a mixture of types A and C. These results indicate 
that swaging secondary crystals having orientations of the type (¢ 

anges the orientation into type B. 

Patterns obtained from rod 2 after 80- and 95-percent reductions 
ndicated orientations only of type B. This might be expected as the 
macro-structure of the cross sections at these reductions, figure 3, did 
not show any secondary crystals. Patterns obtained from areas on 
the periphery of the rod corresponding to mark a, figure 4, of the bi- 

' rystalline rod 3 after an 80-percent reduction indicated orientations 

{the type B. It has been pointed out that this crystal has an orien- 
tation similar to the monocrystalline rod 2, and also that it did not 
show any secondary crystals. Patterns obtained from areas corre- 
sponding to b indicated a mixture of types A and C. Areas corre- 
sponding to ¢ and d indicated types A and C,respectively. Numerous 
soiree of this rod after a 95-percent reduction, with the specimens 

ated slightly after each exposure, indicated orientations of types A 
a 5. These results indicate that the crystal of the bicrystalline rod 
which developed secondary crystals was similar to the crystal of rod 1. 

a results as a whole indicate that crystals initially having a 
| cubic axis approximately parallel to the rod axis are “stable” during 

leformation by swaging, whereas crystals whose orientation is 
changing, so that an octahedral axis tends to become parallel to the 
r ws axis, are unstable. These “unstable” crystals develop secondary 

stals with orientations of type C, that is, intermediate between 
having an octahedral axis or a cubic axis parallel to the rod axis. 
further distortion by swaging changes the initial orientation of the 
second ary crystal to an orientation consisting of a cubic axis parallel 

)the rod axis. The ultimate state, therefore, of a crystal having an 
initial orientation such that an octahedral axis tends to align itself 
with the rod axis is a mixture of crystals, each having an octahedral 
axis or a cubic axis parallel to the rod axis. 


lt 
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III. DISCUSSION 


1. MANNER OF CHANGING THE ORIENTATION OF A COPPER 
CRYSTAL BY SWAGING 


It is generally conceded that metallic crystals can be distorted plasti- 
sally only by slipping on certain crystallographic planes and in cer. 
tain crystallographic directions. Investigations [7, 8] have show, 
that when a distortion by tensile or compressive stress occurs in this 
manner, the crystal changes its initial orientation to an orientation 
which is stable to a further distortion. In the case of face-centered 
cubic crystals, such as copper, the distortion takes place on octahedra] 
planes and in dodecahedral directions. There are four octahedra] 
planes in a cubic crystal and three dodecahedral directions in eac} 
octahedral plane, and, therefore, there are 12 possible slip systems, 

The first stage in the distortion of a copper crystal by a tensile 
stress involves slip in the system having the greatest resolved shear 
stress. As the distortion proceeds, the orientation of the crystal 
changes in a way that is equivalent to rotating the direction of slip 
so that it tends to become parallel to the tensile stress. This rotation 
will in time bring the crystal to a position where another slip system 
has the same resolved shear stress as the active system. The second 
stage of the distortion then proceeds by an equal amount of slip on 
ach of the active slip planes, until the two active slip directions and 
the tensile stress direction lie in the same plane, that is, until the 
icositetrahedral direction [112] coincides with the tensile-stress 
direction. The change in orientation accompanying the second 
stage is equivalent to a rotation about a dodecahedral axis. Further 
distortion does not change this orientation. It is evident, then, that 
a copper crystal distorted by a tensile stress changes its initial orienta- 
tion to a stable orientation in a manner equivalent to rotation about 
two axes. 

The distortion of a copper crystal under compressive stress also 
involves two stages. The first stage is accomplished by slip in the 
system having the greatest resolved shear stress, and by a change in 
orientation that is equivalent to a rotation causing a normal to the 
active slip plane to become more parallel to the compressive stress 
The rotation continues until another slip system has the same resolved 
shear stress as the activesystem. The distortion then commences the 
second stage, which is accomplished by two slip systems. The chang: 
in orientation during the second stage is equivalent to a rotation about 
a cubic axis, until the normals of the two active slip planes and the 
compressive stress direction are in the same plane. In this position 
a dodecahedral axis coincides with the compressive stress direction. 
A further distortion does not change this orientation, and, like the 
distortion by a tensile stress, it was attained in a manner equivalent 
to rotation about two axes. 

The changes in orientation of a copper crystal resulting from a 
distortion by swaging are accomplished in a somewhat different man- 
ner from those resulting from simple tensile or compressive stress. _ It 
has been pointed out that the orientations of a copper crystal after 
different degrees of swaging lie on a great circle when plotted stereo- 
graphically, as in figure 2. This means that the two stable onenta- 
tions were attained in a manner équivalent to a rotation about one 


y 


axis and indicates that the number of active slip systems operating 
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the beginning of the distortion was the same as the number oper- 

ting at the ste able orientation, although the degree of activity of the 
jiferent systems varied until the stable orientation was attained. 
The two stable orientations attained by swaging are shown in figure 
s The locations of the octahedral planes are shown as great circles 
jashed); the dodecahedral directions are at the intersections of the 
octahedrt al planes.’ It is evident that the octahedral planes and do- 
decahedral directions are symmetrically placed around the rod axis 

» both of these orientations. It is possible then that these stable 
oan itations were attained by six slip systems symmetrically placed 
al pene an octahedral axis in the case of the octahedral orientation, 

gure 8A, and eight slip systems symmetrically placed around a cubic 
a in the case of the cubic orientation, figure 8 (B). 

The attainment of the two stable orientations by six and eight slip 
systems becomes more probable when they are correlated with the 
characteristic surfaces developed at the ends of the swaged mono- 
erysti alline rods 1 and 2. The short lines shown on the photographs 1 
and 2 of figure 3 correspond to the short lines crossing the circum- 
ferences of the projections A and B, figure 8, respec tively. It can be 
seen that the surfaces shown in figure 3 could be formed by slip in six 
slip systems in the case of the octahedral orientation and eight i in the 
case of the cubic orientation. The fact that surfaces similar to these 
could be produced before the stable orientation was attained supports 
the contention that these slip systems were operating from the 
beginning of the distortion. 

It is noteworthy that the arrangements of slip systems in the 
octahedral and cubic orientations have, respectively, a threefold and a 
fourfold symmetry to the direction of flow. This suggests that the 
direction of flow that is required by the deformation might be the 
factor ee the selection of active slip systems. If this be true, 
then the stable orientations of copper attained by swaging should be 
attained regardless of the kind of slip plane or slip direction, because 
any family of planes or directions has a threefold and fourfold ar range- 
ment about an octahedral axis and a cubic axis, respectively. Recent 
experiments by Barrett [5] appear to support this contention. In his 
experiments, monocrystalline disks of iron were compressed in such a 
way that the dise retained its circular shape throughout the compres- 
sion. ‘This manner of deforming a disk is similar to the deformation of 
arod by swaging. In the case of the compressed disc the diameter is 

nereased, and in the case of the swaged rod the diameter is decreased. 
The body- centered cubic crystals of alpha iron are known to distort 
by slipping on the dodecahedral (1 10), icositetrahedral (112), and the 
hexakis octahedral (123) planes and in an octahedral direction [111]. 
Barrett’s results showed the same stable orientations for body- 
centered iron as are attained for face-centered crystals of copper, that 
is, an octahedral axis or a cubic axis parallel to the cylindrical axis of 
the spec imen. 

From this discussion the conclusion is drawn that, if the distortion 
ofa erystal produces a cylindrical shape, it would be accomplished by 
lip systems symmetrical to an octahedral or a cubic axis, and this 
axis, on continued distortion, ‘vould become parallel to the rod axis. 

n the case of copper there are six slip systems symmetrical to an 


——___. 


( 


‘In the eubie system crystallographic directions are normal to their corresponding planes, that is, the 
bie directi ion [100] is normal to the cubic plane (100), the dodecahedral direction [110] is normal to the do- 
cahedral plane (110), the octahedral direction [111] is normal to the octahedral plane (111), etc. 
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octahedral axis and eight slip systems symmetrical to a cubic ay: 
The results indicate that the crystals rotate until either an octahedr. 
or a cubic axis becomes parallel to the rod axis, the choice dependine 
upon which of the two axes initially formed the smallest angle with th, 
rod axis. It is pointed out in a subsequent section of this paper tha; 
this conclusion does not hold when monocrystalline rods of iron ay 
distorted by swaging. 


2. BENDING OF SLIP PLANES AND A POSSIBLE ORIGIN OF SEConp 
ARY CRYSTALS 


Deformation by swaging produces a rod which is uniform in dian. 
eter, that is, the rod is a perfect circular cylinder. Therefore, in co. 
working a monocrystalline rod by swaging, the distorted crystal 
a perfect cylinder at all degrees of swaging. Obviously this shay, 
cannot be produced perfectly, and the slip planes remain flat whe: 
there are a limited number of slip systems, as discussed in the pre 
ceding section. It is reasonable then to conclude that the slip planes 
which are initially flat become curved during swaging, and that thy 
later stages are accomplished by curved surfaces slipping over on 
another. This kind of distortion has been called ‘‘bend gliding 
(Biegegleitung) [8] and has been used to explain the asterism shown 1 
Laue patterns of distorted crystals. Briefly the explanation is tha: 
during a distortion the metal between the slip planes is bent over ; 
curvature sufficient to strain some of the interatomic bonds beyond 
their elastic limit, thereby causing the metal to break into blocks 
called crystallites, having approximately the same orientation ani 
each being a perfect crystal. Diffractions from the crystallites pro- 
duce the asterism of the Laue patterns. If the distortion has bee: 
severe, the range of orientations of the crystallites is too large to pr- 
duce the characteristic radial asterism but does produce a patten 
consisting of spots elongated peripherally and arranged on concentri 
circles, as is shown in figure 7. From this explanation it is seen that 
the range of orientations of the crystallites is a measure of the amount 
of bending which the slip planes have undergone. The ranges o! 
orientations of the crystallites in crystals distorted by an amount o! 
swaging equivalent to a reduction in area of 80 to 95 percent have bee: 
shown in figure 8. The dimensions of the ranges indicate that the 
slip planes are curved more around an axis parallel to the rod axis tha 
around an axis perpendicular to the rod axis. The results of the 
experiments with swaged crystals of copper therefore appear to bi 
consistent with the conclusion that a distortion can be accomplished 
by the slipping of curved sheets of crystallites over one another. . 

Heretofore, the shape of the crystallites has not been considered 
The shape becomes important when it is remembered that the sheets 
themselves as well as the directions of their movement must be re- 
lated to certain crystallographic planes and directions. It seems that 
this condition can be satisfied, at least for the distortion of coppe! 
crystals by swaging, if the assumption is made that certain octahedr 
planes, spaced equally at a distance of the order of 107° cm are pote 
tial slip planes. Then a distortion sufficiently severe to produce s| 
on all of the potential slip planes parallel to the three octahedra 
planes that are symmetrical to an octahedral axis would divide the 
crystal into crystallites having a rhombohedral shape. The faces 0! 
a rhombohedron in this case would be octahedral planes and the 
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ves would be dodecahedral directions. It is more difficult to shear 
He se unit rhombohedra than it is for them to slide over one another. 
a it follows that the more out- of- line they become the 

yore necessary it would be for them to move in directions parallel to 
the ir edges. 

However, it is interesting to note that each unit rhombohedron 
would contain two potential slip planes, and that, if slip should occur 
on these planes, the unit rhombohedron would be divided into two 

gs and one octahedron. These potential slip planes repre- 

nt the only means of destroying the unit rhombohedron. There- 
fore, these planes must be considered a source of weakness for the 
unit rhombohedron. This gives a possible explanation for the origin 
of secondary crystals such as developed during the sw aging of mono- 
crvstalline rod 1. It is quite possible that ‘during swaging a unit 
rhombohedron would be rotated to a position where the stresses 
would be sufficient to cause a shear along the two potential slip planes. 
The results indicate that this would occur when the angle between a 
cubic axis of the rhombohedron and the rod axis was approximately 
15 degrees. After a number of adjacent rhombohedra had been 

sheared this portion would begin to slip over the surfaces of the 
newly formed tetrahedra and octahedra. This kind of a distortion 
would be ¢ equivalent to a distortion by eight slip systems symmetrical 
to a cubic axis. 

It is concluded, therefore, that crystals can be distorted by slipping 
over curved surfaces composed of crystallites whose surfaces and 
edges are the slip planes and slip directions in the undistorted crystal. 
This property gives the crystal a limited amount of plasticity in all 
directions, similar to the plasticity of amorphous substances, and at 
the same time permits the distorted crystal to retain the character- 
istics of a single crystal. 


I 


3. FIBROUS TEXTURE OF COLD-WORKED RODS 


The structural changes taking place in the crystals of the bicrys- 
talline rods are good examples of crystals behaving according to the 
conclusions stated in the preceding paragraphs. The flow of metal in 
each crystal was similar to the flow of metal in the rod as a whole, 
that is, the cross section was uniformly decreased as the length was 
increased, and the results showed that the orientation of each crystal 
was changed progressively to a stable orientation after diffraction 
patterns had indicated the crystals to be composed of crystallites. 
from this it is concluded that each crystal in a polycrystalline rod of 
copper behaves as one of the crystals in the bicrystalline rods. There 

s, however, a difference in respect to secondary crystals. So far as 
can be ascertained, secondary crystals are not found in the fiber-like 
crystals of cold-worked rods of polycrystalline copper. 

The crystals of a polycrystalline rod of copper, cold-worked 60 
percent or more, would be rotated to either an octahedral or a cubic 
orientation. If the crystals had been oriented randomly and had not 
developed secondary crystals, the ratio of the fiber-like crystals 
having the octahedral orientation to those having the cubic orienta- 
tion would be equal to 2 Results of Schmid and Wassermann [6] 
show that this ratio is 1.5. The discrepancy in the two values might 
be explained on the basis that the material used by Schmid and 
Wassermann, in their wire-drawing experiments, had a slight degree of 
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preferred orientation, favoring the stable octahedral orientation, » 

result of its previous treatment. It is known that the preferr 
orientation developed in cold-rolled plates of copper is not completely 
removed by annealing. 

There are apparent exceptions to the conclusion that an octahedrg| 
or a cubic orientation is attained when the shape of the crystal pr. 
duced during the distortion is a cylinder. It has been reported tha 
cold-worked rods of aluminum have only the octahedral orientation|{s 
Aluminum is a face-centered crystal; therefore, the slip planes and s|i 
directions are the same as copper. ‘These reported results i indica ite 
that a monocrystalline rod of aluminum having a cubic axis paralle| 
to the rod axis would rotate to the octahedral orientation during 
swaging or would develop secondary crystals that would do like se 
This is not consistent with the results obtained from sw aged crys 
of copper. 

Another exception is found in the work of Barrett [9], who showed 
that iron crystals of different orientations when swaged or drawn im: 
diately developed numerous secondary crys stals. The ntenioes 
crystals rotated away from their initial orientation, eventually reach. 
ing a stable orientation when a dodecahedral axis became parallel to 
the rod axis. The resulting state of the original crystal after a 99. 
percent reduction in area consisted of numerous second: ary crystal 
having a dodecahedral axis parallel to the rod axis, and other axes 
randomly oriented in nanan to a direction perpendicular to the rod 
axis. From these results, it was concluded that all of the crystals i: 
polycrystalline rods behave in a similar manner, thus accounting for 
the fibrous texture found in iron rods. The present investigation 
indicates that the fibrous texture of iron rods differs from that of copper 
rods in respect to secondary crystals and to stable orientations. In 
iron rods the original crystals are converted into numerous secondary 
crystals that rotate to a dodecahedral orientation, whereas in copper 
rods the original crystals are rotated either to an octahedral or a cubic 
orientation. 

The conclusion, that if the distorted shape was cylindrical, the 
active slip systems would be symmetrical to an octahedral axis or a 
cubic axis, which eventually becomes parallel to the cylinder axis 
obviously is not correct for iron crystals that are swaged or drawn, 
although it appears to be correct for iron crystals that are deformed 
plastically by compression and for copper crystals that are swaged 
There is a possible explanation for this apparent inconsistency. [1 
swaging or drawing, the flow of metal is parallel to the rod axis, 
where: as in compressing a disk the flow of metal is perpendicular to the 
axis of the disk. If a monocrystalline disk of iron having either an 
octahedral or a cubic orientation (octahedral or cubic axis parallel to 
axis of the disk) is compressed, the angles between the direction «i 
flow and the directions of slip are 19.5 ‘and 35 degrees, respectively, 
whereas if a monocrystalline iron rod having either of these orientations 
is swaged or drawn, the angles between the direction of flow and the 
slip directions are 70.5 and 55 degrees, respectively. It seems reason- 
able then that if the angles between the direction of flow and direc tions 
of slip were such as to permit easy flow in compression that in swagit 
or drawing these angles would be too large for easy flow. The iro 
crystal, therefore, begins to develop secondary crystals having al 
easier flow. Crystals of this type are apparently those having a dodee- 
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ahedrt . axis parallel to the rod He The angle between the direc- 
tions of slip and flow in this case is 35 degrees. In swaging a copper 
erystal the ¢ angle between the directions of slip and of flow is 35 degrees 
when the crystal has the octahedral orientation and 45 degrees when 
the orientation is cubic. In either case an easy flow of material oc curs 
without change in orientation. However, when the orientation is 
dodecahedral, “the angle between the directions of slip and of flow is 
60 degrees, which is too large for easy flow without change in orienta- 
tion. The crystal tends to change its orientation from dodecahedral to 
tahedral with certain portions forming secondary crystals which 
rotate toward the cubic orientation. 


IV. SUMMARY 


0s monocrystalline and two bicrystalline rods of copper were 
svaged through the same dies to a reduction in area of approximately 
95 percent. Small pieces were cut from the swaged rods after 30-, 
40-, 80-, and 95-percent reduction in area. The structures of these 
pieces, as well as the initial structures, were examined by X-ray 
diffraction and metallographic methods. 

In one monocrystalline rod the octahedral axis that was initially 
inclined to the rod axis by 16 degrees became parallel to the rod axis 
as a result of swaging, whereas in the other monocrystalline rod, the 
cubic axis that was initially inclined to the rod axis by 17 degrees 
became parallel to the rod axis. These apparently stable orientations 
were also obtained for crystals in the bicrystalline rods when their 
initial orientations were similar to the initial orientations of the 
monocrystalline rods. The changes in orientation with different 
degrees of swaging were equivalent to a rotation of the crystal about 
one axis. The crystals that rotated to the octahedral orientation 
developed secondary crystals that rotated to the cubic orientation. 
The crystals that rotated to the cubic orientation did not develop 
secondary crystals. Diffraction patterns and the appearance of the 
ends of the swaged rods indicated that the crystals had been distorted by 
slipping over curved surfaces and in directions related to the octa- 
hedral planes and dodecahedral directions of the undistorted crystal. 

The results indicated that the rotation of the crystal to the octa- 
hedral orientation was accomplished by the operation of six slip 
systems symmetrical to the octahedral axis that became parallel to 
he rod axis, and in a similar manner, the cubic orientation was at- 


The 


tained by the operation of eight slip systems symmetrical to the cubic 
axis that became parallel to the rod axis. Whether the crystal 
assumes the octahedral or the cubic orientation depends upon which 
axis initially formed the smaller angle with the rod axis. 
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EFFECTS OF METHIONINE, DJENKOLIC ACID, AND 
BENZYLCYSTEINE ON THE ESTIMATION OF CYSTINE 
BY THE DROPPING MERCURY CATHODE 


By Edgar Reynolds Smith and Clement James Rodden 


ABSTRACT 
The reduction maximum of cysteine at the dropping mercury cathode, in a 
buffered solution containing bivalent cobalt, is not affected by methionine or 
nzyleysteine at concentrations up to somewhat more than twice that of the 
ysteine. Djenkolice acid reduces the height of this maximum without changing 
ts form or position. By themselves, methionine, benzylcysteine, and djenkolic 
acid show no reduction wave between 0.8 and 2.1 v. 
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I 
I. INTRODUCTION 


The determination of cystine or cysteine by means of the polaro- 
graph is made in a buffered solution containing a bivalent cobalt salt 
and is considered to depend upon a catalytic reduction of hydrogen 
from the sulfhydryl! group of the organic complex compound, formed 
with the cobalt, which produces a characteristic maximum on the 
current-voltage curve.!. This method has been used for the estima- 
tion of cystine in hydrolysates from protein materials, such as wool ? 
and insulin,’ at concentrations as low as 107° g/ml of cystine. Under 
the environmental conditions of the determination, the curve obtained 
is apparently characteristic of the sulfhydryl group, or of the disulfide 
group if the latter is first reduced to the sulfhydryl group, at the 
dropping mercury cathode. Thus, Brdicka found that thioglycolic 
acid, glutathione, cysteyl-glycine, and an uncertain decomposition 
product of 8 6’-dichloroethy! sulfide (mustard gas) * exhibit a similar 
behavior, whereas no such effect is shown by the amino acids glycocoll, 
asparagine, creatine, creatinine, arginine, leucine, and tyrosine, which 
do net contain sulfhydryl. Sladek and Lipschutz* extended Brdicka’s 
work and found that arginine, 6-phenyl-a-alanine, 6-pheny]-§-alanine, 
tryptophane, and histidine exert a suppressive influence on the cysteine 
wave, and that 6-phenyl--alanine alone in the buffer solution with 


R. Brdicka, Collection Czechoslov. Chem. Commun. 5, 112 and 148 (1933); Biochem. Z. 272, 104 (1933 
19 


‘. Brdicka, Collection Czechoslov. Chem. Commun. 5, 238 (1933); Mikrochemie 15, 167 (1934 
C. lropp, Klin. Wochschr. 17, 465 and 1141 (1938) 
‘. Brdicka, Collection Czechoslov. Chem. Commun. 9, 76 (1937). 


), Sladek and M. Lipschutz, Collection Czechoslov. Chem. Commun. 6, 487 (1934). 
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bivalent cobalt evokes a less pronounced catalytic maximum some 
what resembling that of cysteine, although occurring at a differe 


potential. These results are of parti — norts ince in shonis 
what substances may interfere in the hic determin: ation ot 
cystine in hydrolysates which conta’ acids. 
Some protein molecules cont: .. _« % OHs-S-CH -CH, 
CH(NH,)-COOH, which like cystei -S-CH,-CH ( NH, 2)COOH. is 


naturally occurring sulfur-containing amino acid. For the proper 
interpretation of polarographic determinations of cysteine in certs 
hydrolysates, it is thus necessary to know whether methionine ¢x. 
hibits a current-voltage wave and/or exerts an effect on the ¢ ystein 
wave. To obtain this information, polarograms were taken of cyst 
alone, methionine alone, and cystine together with methionine, 
buffered solutions containing bivalent cobalt. Polarograms of d 
kolic acid, CH,(S-C H.-CH(NH,)-COOH),, and pocayenreuene, C TL 

t 

) 


rt 


CH,-S- CH, -CH(NH, )-COOH, both of which are related to cvs ein 
were also taken i in the same w ‘ay, because the former has been isi lated 
from the naturally-occurring djenkol bean ° and the latter, in contrast 


to methionine, can be readily split to form cysteine. 


II. APPARATUS AND MATERIALS 


The polarograph used was the tvpe VIII instrument made by t! 
firm of V. & J. Nejedly, Prague, Czechoslovakia, for the automati 
photographing of current-voltage curves. The galvanometer had 3 
sensitivity of about 3 10~° amp/mm at a meter distance, which could 
be varied suitably by means of a calibrated shunt. A sensitivity of 
1/200 of full galvanometer sensitivity was used for all the curves 
shown in this paper. 

The cystine was a commercial product (Eastman Kodak Co 
was not submitted to further purification. 

dl-Methionine was prepared by the reduction of homocystine with 
sodium in liquid ammonia, followed by treatment with methy] iodid 
in the liquid ammonia solution.” It was found by treatment wit 
sodium cyanide and sodium nitroprusside to be free from disulfide 
Benzyl-l-cysteine was made from cystine by a similar procedure, usinz 
benzyl! chloride in place of methyl iodide.’ It was likewise aes t 
be free from disulfide. Both the methionine and benzylcysteine wer 
prepared by W. I. Patterson, Research Associate of the Textil: 
Foundation at this Bureau. 

Djenkolic acid, which also had been prepared from cystine by 
similar method, using methylene chloride instead of benzyl chloride; 
was kindly supplied for this work by Vincent du Vigneaud of t! 
Cornell University Medical School, New York, N. Y. 


III. EXPERIMENTAL RESULTS 


The solutions for me asurement were prepared by mixing solutions 
of the constituents in 25-ml Erlenmeyer flasks, in the order and amount 
shown in table 1. As soon as each solution was prepared, it was 
poured into a cell and its polarogram taken, starting at a potential 
difference of 0.8 v between the dropping mercury cathode and the 
6A. J. Hijman and A. G. van Veen, Geneeskund. Tijdschr. Nederland.-Indié 76, 840 (1936). 

™V. du Vigneaud, H. M. Dyer, and J. Harmon, J. Biol. Chem. 101, 719 (1933). 


§V. du Vigneaud, L. F. ‘Audrieth, and H. S. Loring, J. Am. Chem. Soc. 52, 4500 (1930). 
* V. du Vigneaud and W. I. Patterson, J. Biol. Chem. 114, 533 (1936). 
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anode pool of mercury and ending at a little more than 2.0 v, The 
results With solutions 1, 2, and 3 are shown in figure 1, in which the 
oyrve for cystine is labelled C, for djenkolic acid, D, and for methio- 
wine, M. Aside from their different effects on the cobalt maximum, 
which appears between 1 and 1.2 v, neither djenkolic acid nor 
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FigurRE 1.—Cysteine (C), djenkolic acid (D), methionine (M). 


methionine produces a wave in the range of the cysteine wave. In 
icure 2, curve C is for cystine alone (solution 4), CD is for cystine 
together with djenkolic acid (solution 5), and CM for cystine together 
with methionine (solution 6). The cystine was at the same concen- 
tration (21075 M) in each solution. It is seen that djenkolic acid 
not only depresses the cobalt maximum but also depresses the cysteine 
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Cysteine (C), cysteine with djenkolic acid (CD), cysteine with methionine 
(CM). 


wave without affecting its shape or position. ‘This behavior was con- 
firmed by repeating the measurements with new solutions. Meth- 
ionine, however, has no effect on the cysteine wave at these concen- 
trations even though its concentration (5107 M) exceeds that of 
the evstine (21075 M)." Thus, it seems justifiable to conclude that 


\fter this work had been completed, similar results with methionine and cystine were reported by 
' 


Adolf Stern, Eliot F. Beach, and Icie G. Macy at the Ninety-Seventh Meeting of The American Chemical 
lety at Baltimore, Md. (April 1939). 
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the polarographic estimation of cystine at large dilutions is unaffect, 
by the presence of methionine at concentrations up to somewhat mor, 
than twice that of cystine. 


TaBLE 1.—Pre pene of solutions 
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In figure 3, curve B for benzylcysteine (solution 7) shows no inter. 
fering wave in the measured range, and a comparison of curve ( 
for cystine (solution 8) and curve BC for benzyleysteine together wit 
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FiacureE 3.—Benzylcysteine (B), cysteine (C), benzylcysteine with cysteine (BC 
cystine (solution 9) shows that benzylcysteine, like methionine, is 
without influence on the cysteine wave. The polarogram for tli 
blank solution, 10, was practically identical with curve B of figure : 
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NATURE OF ENERGY LOSSES IN AIR CAPACITORS AT 
LOW FREQUENCIES 


By Allen V. Astin 


ABSTRACT 


[he power factors of a number of types of air capacitors have been observed in 
frequency range from 60 to 1,000 ¢/s. The method of measurement permitted 
iation of true, or “absolute,” power- factor values as small as 5X107-7. In 

jard-ring air capacitors the losses occur on the walaaes of the electrodes and give 

e to a power factor which is proportional to capacitance (inverse electrode 

naration). The same type of losses in addition to the losses in the solid insula- 

n, are evident in two-electrode capacitors. 

‘most two-electrode air capacitors of variable capacitance, C, the loss may be 
resented by the function A+ B/C, where A depends upon the electrode mate- 
humidity, and frequency, and B depends upon the insulation material, 

imi lity, and frequency. 

Of the 10 metals used as electrode materials in guard-ring capacitors, aluminum 

gave the greatest power factor and silver plate the smallest. The power factors 

r the other materials, which included brass, monel metal, stainless steel, nickel, 

| brass plated with gold, rhodium, and chromium, were only slightly different 

m that for silver-plated brass, but they were appreciably smaller than the 

values for aluminum. The power factor of a guard-ring capacitor is a function 
f humidity and shows a maximum value at relative humidities between 40 and 
70 percent at low frequencies. The maximum value is apparently due to a vari- 
able conductivity of the moisture layer with thickness. 

[he loss which occurs in the electrode surface layer is also a function of the 

mogeneity of the electric field. The nonuniform field in a three-electrode rotat- 

s-plate capacitor gives rise to a power factor which decreases as the capacitance 
icreased. 


CONTENTS 
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. Power factors of two-electrode capacitors _ - 

Power factors of three-electrode capacitors _ - a 
". Contribution of a surface layer to power factor_ _- 
. Effect of a nonhomogeneous field on power factor _- 
. Conclusion_ 

IT. References 


I. INTRODUCTION 


Previous investigations into the causes of energy losses in air 
capacitors have in general disclosed four major contributing factors. 
As summarized by Field and Sinclair [1]! these are: (1) a conduct- 
ance and dielectric absorption loss in the solid insulation; (2) a 
dielectric absorption loss in dust or lint which sometimes ace umulates 
on the plates of a capacitor; (3) an eddy-current loss in the metallic 
lectrodes; and (4) a loss due to the effective resistance of the leads 

nd electrodes and the contact resistance to the rotating shaft of a 
variable capacitor. The energy losses from the two latter factors 


Fj ires in brackets indicate the literature references at the end of this paper. 
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decrease with decreasing frequency and for frequencies below 1 oy 
c/s are quite negligible. The two remaining factors are, howeye, 
inadequate to explain recent observations with high-precision bride. 
at low frequencies [2, 3, 4]. In the observations reported in thoes: 
references the effects of losses in both solid insulation and dust wer, 
eliminated, but losses were still found in the capacitors. Thos 
losses, which have been shown to! depend upon the electrode surfgep 
electrode separation, and the frequency, may give rise to power 
factors of 1x10~° or larger. In order to obtain more informatio) 
concerning the nature of these losses, a number of guard-ring capaci- 
tors have been constructed of various electrode materials and thei; 
power factors measured under a wide range of conditions. Th, 
power factors were measured by the bridge method described jy » 
previous publication [2], which permitted the determination of th, 
true, or absolute, values in contrast to the relative or difference 
values which are ordinarily obtained by bridge methods. The pr. 
cision of the method allowed the evaluation of power factors as smal] 
as 5x10~’ in the commercial and audio-frequency range. 

This method of power-factor evaluation has also been used for 
observations on the power factors of variable, two-electrode ai 
capacitors. Previously, such measurements have been limited to 
power-factor-difference methods. From these measurements it has 
been possible to obtain evidence of the existence of the same type of 
loss factor that is predominant in a guard-ring capacitor, namely, ; 
loss originating on the surface of the metallic electrodes. 


II. CALIBRATION OF STANDARD FOR POWER FACTOR 


A three-electrode rotating-plate capacitor has been used as 3 
working standard of power factor and capacitance for all measure- 
ments which are included in this paper. This capacitor, which has 
been described in detail previously [2], has nickel-plated brass elec- 
trodes, 3 mm apart when interleaved, and a capacitance range of 
1,800 uf. The third electrode permitted the elimination from the 
measured power factor of the capacitor of any losses in its insulating 
supports. Although this same result could have been obtained more 
readily with a guard-ring capacitor, the rotating-plate capacitor 
proved to be a much more satisfactory working standard for bridge 
measurements because of the greater ease with which its capacitance 
could be varied. As indicated above, the power factor of a three- 
electrode capacitor cannot be assumed equal to zero; hence some 
other means must be available in order to obtain actual power-factor 
values. This can be accomplished with the aid of a guard-nng 
capacitor of adjustable electrode spacing (variable capacitance). As 
pointed out in the reference previously cited [2], the power factor of 
such a capacitor is proportional to its capacitance; hence at zer 
capacitance its power factor would be zero. By determining the 
rate of change of power factor of a guard-ring capacitor with capaci 
tance and extrapolating to zero capacitance, actual power-factor 
values may be obtained. 

In applying this principle to the power-factor calibration of the 
three-electrode rotating-plate capacitor it was simpler, because of the 
greater ease of capacitance adjustment of the rotating-plate capacitor, 
first to determine its rate of power-factor change with capacitance. 
Then by using measured differences in the power factors at various 
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capacitance settings of the rotating- 
plate capt acitor and an adjustable 
suard-ring capacitor, the rate of 
rower factor change of the latter 
A strument was determined and 
ext apols ated to zero capacitance. 
he d ails of this procedure may 
be seen by referring to figure 1 (a, b, 
:), where the curves C,— C, repre- 
sent the power-factor differences at 
the acm ‘ated frequencies of an ad- 
table guard-ring capacitor, C,, 
nd the three- elec trode rotating- 
plate ¢ apacitor, C;, at equal ca- 
‘ Y rac 
pacit ince settings. The C, curves 
epresent the power factor varia- 
tions of C, with capacitance. The 
ordinates of these curves are fixed 
arbitrarily by the doubly circled 
points which represent the power- 
factor differences, at the indicated 
freque neies, of C, ‘and a fixed cylin- 
drical guard-ring capacitor, Cy, hav- 
silver-plated electrodes 1 cm 
apart. The power factor of C, thus 
provides a tentative reference point. 
The change in power factor with 
capacitance of C, with respect to 
this point was determined by mak- 
ing power-factor-difference measure- 
ments with auxiliary capacitors in- 
dividually and in parallel.? 

The detail of this procedure is as follows: Let ¢s be 
the ph lefect angle, or power factor, of C, at a par- 
ticular se on setting. Let gai and ¢a; be the power 
factors of ) other capacitors havi ing the same capaci- 
tance as C, at its setting corresponding to ¢1. Then 

power-fac tor differences, @a—¢mi=Mi and 

M2, may be measured in the bridge. The 

ary capacitors are then connected in parallel, 

imple matter to show that the power factor 

ation will be the arithmetical mean of 

1 u The capacitance of C, is then 
varied to equal that of the combined auxiliaries and 
power-factor difference, @s—(¢41+¢81)/2=M3, mvas- 
ured. Here sat is the power factor of C, at its new 


si vag setting. Combining the values for A4;, M2, and 
3 fc aed that 


oa—ba=(Mi+M2)/2—Ms3, 


vhich represents the change in power factor of C, 
bet 1 tv woscale settings. Additional points may be 
ned by the use of a larger number of auxiliary 

Ss. 





FicureE 1—Power-factor differences and 
‘rue power-factor values of a variable 
guard-ring capacitor, C,, and a three- 
electrode rotating-plate capacitor, C,, as 
functions of capacitance. 
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Upon adding the ordinate values of a C, curve to the correspondiy 
C,—C, curve, a C, curve is obtained which thus represents the power. 
factor differences of C, with respect to the fixed power factor of ; 
The slope of the line represents the rate of power-factor change yi: 
capacitance and is independent of the power factor of Cy. Since; 
power factor of a guard-ring capacitor is proportional to its capacit,, 
(a linear relation is obvious from fig. 1 (a, b, c)), the power factor of ; 
will be zero at zero capacitance. The line will intercept the arbitray; 
chosen zero of the ordinate scale only if the power factor of the refes. 
ence capacitor, Co, is zero. It happens in this case that the value o: 
the reference capacitor is zero or at least less than 51077 at ; 
indicated frequencies. Accordingly, the curves C, and ©, represoy; 
the true power-factor calibration curves for the two capacitors. Hoy. 
ever, the method outlined above is applicable even if the refereno, 
capacitor has a power factor greater than zero. If such were ¢\ 
case, the intercept of C, curve would be below the origin, and both ¢} 
C, curve and (, curve would have to be shifted upward by the amouy: 
of the intercept to give true power-factor values. It should be pointe) 
out that the proportional relation between the power factor and cap 
itance of a guard-ring capacitor is assumed from the linear relatio 
because it has been found that the zero value obtained for C, by this 
process is independent of (1) thedrequency, (2) the air pressure (bel; 
normal atmospheric pressure) in either C) or C,, and (3) the electro 
material and dimensions of the guard-ring capacitor used for ¢| 
extrapolation. 


III. POWER FACTORS OF TWO-ELECTRODE CAPACITORS 


In specifying the quality of a two-electrode capacitor of variab| 
capacitance as regards its freedém from power loss under alternating 
voltage a single expression wou!'d be desirable. If the losses in 
capacitor were confined entirely fo solid insulators in a constant field 
its power factor would be inversely proportional to its capacitane 
giving a power-factor—-capacitance product which would be constant! 
for all scale settings. This product, which has been called the “figu 
of merit” of a capacitor [5] would then be a satisfactory designation 
the loss characteristics of a variable air capacitor under the conditi: 
of measurement. Furthermore, if the loss per cycle in the solid insula- 
tion were constant with frequency as Chaffe {6| has shown to be th 
case for a number of insulating materials, the power-factor-capac- 
tance product would be independent of both frequency and seal 
setting. Unfortunately, the insulators in the best commercial varial 
air capacitors do not show this property nor are the losses confin 
only to the solid insulation even at low frequencies when the dust a 
lint are removed from the electrode surfaces. 

In figure 2 are shown the power factors at three frequencies of 3 
precision-type, two-electrode variable air capacitor plotted against tl 
reciprocal of the capacitance. The insulation of the capacitor i 
Isolantite and the electrodes are of aluminum spaced about | mm 
apart when interleaved. The capacitor is of the common rotating 
electrode type. The data in the figure show that neither of the require- 
ments for the constancy of the power-factor—capacitance product 's 
met with this particular capacitor. The power-factor change wi! 
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frequency 3s appreciable and the power factor at each frequency, 
although linear with the reciprocal of capacitance, Is definitely not 
proportional to it. The finite values of the intercepts on the ordinate 
axis indicate that a constant must be added to the power factor in 
order to adequately represent the power-factor variations at a par- 
ticular frequency. 

The results of power-loss observations on a large number of variable 
air capacitors have indicated that in no case is an equivalent parallel 
resistance sufficient to represent the losses at one frequency. The 
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Ficurp 2.—Power factors at three frequencies of a precision type, two-electrode 
variable air capacitor with Isolantite insulation. 


Relative humidity about 50 percent. 


power factors at 60 cycles of five representative capacitors are shown 
in figure 3. Curve A represents a National Bureau of Standards type 
capacitor [7] with fused-silica and amber insulation and brass elec- 
trodes about 2.5 mm apart. The power-factor values for 60 c/s 
shown in figure 2 are shown again by B, and D represents the values 
for another capacitor of identical type. The curve C represents a 
capacitor having Isolantite insulation and brass electrodes about 1 
mm apart, and £ is for a capacitor similar to that of C, except that 
the insulation is of clear fused quartz. In each case the power factor 
is (1) a linear function of the reciprocal of the capacitance and, (2) 
linite and positive at the extrapolated value for infinite capacitance. 
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The power factors for each of the capacitors shown in figure 3 cap | 
represented by the function 


yp 


A+ B/C, 


where A is the intercept on the power-factor axis and B is the slope of 
the curve. The part of the power factor represented by the }}/ 
term may be attributed to the insulation, assuming B=1/wP, whey, 
R is the equivaler 
CAPACITANCE parallel iealaieae of 
200» F 100 pa F the insulation (in ger, 
10}x 10 -4 PA eral R is a functio: 
Ss INnctloy 

of frequency) and , 
is 2r times the fre. 
quency. The par 
B represented by “the 
f A term may be ¢. 
plained by assumiy 
a uniform — surface 
layer on the elec. 
trodes, which gives 
rise to an equivalent 
resistance, 7, in series 
with the capacitance, 
The power factor pro. 
duced by such a resist- 
ance would be ar(, 
but since 7 would be 
inversely propor- 
tional to C (electrode 
area), this power- 
factor term would be 
independent of scale 
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RECIPROCAL CAPACITANCE setting. It should be 
Fiaure 3.—Power factors of five variable air capacitors noted that values of 


with solid insulation observed at 60 c/s and 50 percent A gre less for the 


ene agahcengest capacitors with brass 
neat semi pean a sine om eT 2. elooteades then fx 
lantite insulation and aluminum electrodes; C, Isolantiteinsulationand those with aluminum 
brass electrodes; E, clear fused-quartz insulation and brass electrodes. ; 
electrodes. 

An explanation of the decrease of A with frequency (fig. 2) requires 
a consideration of the capacitance of the surface layer as well as its 
resistance. A more complete discussion of this effect, which produces 
the predominant power factor of a guard-ring capacitor, will be given 
in a later section of this paper. 

The variation of the equivalent parallel resistance, RP, with fre- 
quency is shown in figure 4 for three of the capacitors represented In 
figure 3. The values for the B curve were computed from the slopes 
of the three straight lines of figure 2, using the relation B=1/ol, 
where B represents the slope for a particular frequency. The curves 
A and E were similarly obtained. The values indicated for zero fre- 
quency represent actual d-c resistance values obtained from the volt- 
age-current ratio 1 minute after applying the voltage to the capacitor. 
The dashed curves represent the theoretical resistance values, which 
are inversely proportional to frequency, that is, the type of variations 
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«) be expected if the power factor represented by the equivalent 
narallel resistance were independent of frequency. The curves were 
made to pass through the experimental points for 1,000 c/s. The curve 
{follows this type of variation quite closely, but B and £, representing 
capacitors having appre- 

ciably lower power factors, 


e iAlO 
depart appreciably from 6 a —— 
it, The amount of depar- \ 





ture is especially indicated : 
by the zero frequency \ 
values (d-c resistances) 
at which point the theo- 
retical curve approaches 
infinity. Because of the 
differences in the fre- 
quency variation of these 
resistances, the anomaly is 
presented of the capacitor 
having the largest power 
factor also having the 
highest d-c resistance and 
vice versa. This of course 
is merely coincidental for 
| the particular three capac- 
itors under observation 
and should not be taken 
as a generality but rather 
asa proof that the d-c per- 
formance of a capacitor 
offers little if any informa- 
tion as to its a-c power 
factor. 

All of the data repre- 
sented in figures 2, 3, and 
4 were taken at approxi- 
mately the ~~ tempera- 500 
ture and relative humid- — 
ity, namely, 27° C and FREQUENCY IN 
0-percent relative humid- CYCLES PER SECOND 
uty. This was essential Fiagure 4.—Equivalent parallel resistances of three 
lor proper comparison of air capacitors as a function of frequency. 
the power factor of the Zero values represent 1-minute d-c resistances. Dashed lines 


diferent capacitors. The  ‘epryeent theoreti! reaitance valves below 100 os whlch 
temperatures normally A, B, and EF correspond to figure 2. 

observed throughout a 

year in the capacitance laboratory of the National Bureau of Standards 
vary between 24° and 31° C, which range is sufficiently restricted to 
produce only slight differences in the power factors of capacitors. 
llowever, the seasonal relative humidity, which may range from 15 
to 85 percent, causes enormous fluctuations in the power factors of 
the capacitors. An indication of the spread of values which may be 
obtained at different humidities is given in figure 5, which shows 
available data on a capacitor with quartz insulation and brass elec- 
trodes (the same capacitor as represented by curves £, fig. 3 and 4). 
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The summer values were taken when the room humidity was at «: 
percent, the autumn and spring values at 50 percent, and the winte 
values at 35 percent. Because of the partial sealing of the insulatio, 
in the case of the capacitor, considerable lag was observed in {hy 
variations of power factor with humidity changes. This is eyidey: 
from the values at 60 ¢/s for autumn and spring, both of which wer 
taken at about 50-per. 

bE cent relative humidity. 
CAPACITANCE It is obvious from th; 

02 200 133, 100mm F data of figure 5 that a 
specification concernjn; 
the a-c losses in a capaci. 
tor of this type would }; 
quite useless unless {hy 
insulation of the capaci. 
tor were in equilibriyy 
with an atmosphere 
clearly defined  relatiy; 

humidity. Likewise, 
so-sprinc Would be impossible { 
S =SUMMER Use such a Capacitor as g 
A =AUTUMN reference standard for 
W =WINTER power-factor  differenc 
measurements — unless 
proper humidity stabjl- 
ity were preserved. It 
should, however, bi 
pointed out that th 
range of variations with, 

Isolantite insulation | 
generally less than that 

shown 1n figure 5, 

winter values being 
higher and the summe 
values lower. Th 
25. 50 275 1OKIo> F range of values would 
RECIPROCAL CAPACITANCE probably be appreciably 


— ; , lowered by a careful 
Figure 5.—Curves of power factor vs. reciprocal : z aes 
capacitance of a variable, two-electrode air capacitor cleaning of the quart 
at different seasons (different relative humidities). since the data shown wert 
taken with the capacito! 

in the same condition as when received from the manufacture! 
From the data so far presented it would appear quite safe to drav 
the conclusion that the power factor of a two-electrode, variable a 
capacitor may be represented by the expression A + B/C, where Ai 
a function of frequency, humidity, and the properties of the electrode 
surface material and B is a function of frequency, humidity, and the 
properties of the insulation material. In general, A and B would 
appear to decrease with increasing frequency and Increase witli 
increasing humidity. Although the expression A+ B/C has beet 
found adequate to represent the power factors in most cases, exce)- 
tions have been encountered, particularly when the A term 1s te 
predominant loss term. Under such circumstances A may not be 
constant (at a fixed frequency and humidity) because of variations iL 
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she surface of the electrodes or because stray capacitance increases the 
affective electrode separation at low capacitance values. Two ex- 
~eme cases are Shown in figure 6. The curve (qa) is for a capacitor 
good quartz insulation in a low-humidity atmosphere, and 
tarnished brass electrodes of 1-mm spacing. The change 
of slope is very likely due to variations in the electrode surface as the 
slectrodes are rotated for different capacitance settings. The curve 
! represents the values for a capacitor with Isolantite insulation and 
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6.—Power factors of two variable capacitors in which the electrode surface 
loss 1s predominant. 


Observations were made at a frequency of 60 c/s. 


cadmium-plated electrodes. The plating was extremely heavy and 
llaky and comparable in thickness to the electrode separation (0.5 
mm) and gave rise to the equivalent of a large resistance in series with 
the capacitance. As the capacitance was decreased the relative 
ellect of stray capacitance, which increases the effective electrode 
separation of the capacitor, increased, causing a decrease in power 
lactor. Such power-factor behaviors are exceptional, but the possi- 
bility of the existence of such is sufficient to require the qualification 
that the A+ B/C type of variation is not followed unless the surface 
losses are small and uniform. 
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IV. POWER FACTORS OF THREE-ELECTRODE CAPACITops 


When the power factor of a three-electrode capacitor is measure 
in an a-c bridge with a Wagner ground, the effect of losses in the gojjy 
insulators which a and separate the electrodes may be elimi. 
nated. The three-electrode capacitor may be of the guard- ring typ 
or it may have rotor and stator assemblies with a third or yuan 
electrode for carrying the insulating supports. The power-factor. 
capacitance characteristics of both “types of capacitors have bee, 
shown previously in figure | 
The guard-ring capacitor, which 
has a variable electrode spacing 
constant electrode area, and ay 
approximately uniform electr 
field, has a power factor prop, 
tional to its capacitance (( 
curves in fig. 1). The rotating 
plate, guard-electrode capacitor, 
which has a constant electrode 
spacing, variable electrode area, 
and partially nonuniform elec. 
tric field, has a power factor 
which decreases with increasing 
capacitance. 

In the guard-ring capacitor 
the proportional relationshi 
between power factor and capae- 
itance can be most eee re} \ 
resented by an equivalent res 
ance, 7, in series with the ca] 
itance, C. The power factor o! 
Ficure 7.—Plan and section of the guard- such a combination Is wre. Pr 

ring capacitors used to investigate power vious evidence [2] has indicated 

factor as a function of electrode material that the equivalent resis stance, | 
and relative humidity. r, is due to a surface layer ont 
Electrical connections are indicated in the sectional view. electrodes. Accordingly, my a 
given electrode material and con- 
ditions of measurement, r would be inversely proportional to the electrode 
area, and the power factor would be independent of the electrode area 
The manner in which r is related to the properties of a hypotethica 
surface layer and the frequency will be treated in detail in section V. An 
explanation of the power-factor characteristics of the rotating-plate 
capacitor involves a consideration of the nonhomogeneous electric fielt 
at the edges of the electrodes and will be given in section VI. 

The effect of electrode material and of the measuring conditions on 
the power factor of a guard-ring capacitor has been studied by pre- 
paring capacitors of 10 different materials and by measuring their 
power factors at various frequencies, temperatures, and relative 
humidities. The construction of the capacitors is shown in figure 7 
These were placed in a sealed air bath in which both the temperature 
and relative humidity could be controlled. It was found that the 
losses depended considerably upon the relative humidity, but 0 
definite dependence upon temperature alone in the available range of 
20° to 40° C could be determined. Accordingly, all the results at 
various humidities are given for a single temperature, namely, 30° C. 
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Electrodes were made of the following materials: brass, aluminum, 
monel metal, nickel, and stainless steel. In addition, capacitors of 
brass were plated with the following metals: gold, silver, nickel, 
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Power factors of a guard-ring air capacitor with aluminum electrode 
of variable spacing (variable capacitance). 
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Figure 9.—-Power factors of a guard-ring air capacitor with brass electrodes of 
variable spacing (variable capacitance). 


chromium, and rhodium, and a capacitor of aluminum was anodized. 
The solid electrodes were ground smooth with fine emery paper and 
crocus cloth, and all electrodes were cleaned with soap and water and 
then rinsed thoroughly with water. 

The results on aluminum and brass electrodes, the two metals most 
commonly used for electrodes in capacitors, are shown in figures 8 
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and 9, for a dry atmosphere and an atmosphere of 43-percent relatiy, 
humidity. The proportional relationship between power factor gy) 
capacitance is again apparent. In figure 10 are shown the results fy; 
anodized aluminum electrodes in a dry atmosphere and at 85-pereey; 
relative humidity. Here definite departures from the proportion, 
relationship are observed, but these have been traced to changes jy 
the electrode surface between capacitance settings. In taking 9). 
servations on these electrodes over a range of humidities, it was fo, 


that upon returning to the initial humidity a slightly different powe; 
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Figure 10.—Power factors of a guard-ring air capacitor with anodized alun 
electrodes of variable spacing (variable capacitance). 


factor was obtained, indicating that the electrode surface was no 
longer exactly the same as during the first measurement. Since the 
procedure of observation was to run through a complete humidity 
cycle at each electrode spacing, it was probable that the same surface 
conditions no longer existed at the next electrode spacing. When the 
humidity was kept fixed and values were taken over a range of ca- 
pacitances, a strictly proportional relationship was always observed. 
The measured power factors seem to indicate that the effect of the 
humidity cycle on the surface condition is more of the nature of a 
permanent change than a hysteresis type effect. Definite indication 
of a slow change in the nature of an aluminum surface with time | 
given in figure 11, which shows groups of observations at 60 c/s take 
several months apart. The earliest set of data was taken shortly 
after the grinding of the surfaces, and nothing was done to the su!- 
faces between then and the subsequent measurements except washing 
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rinsing. The gradual increase in the slopes of the curves with 

e probably represents a growth of the oxide layer on the electrodes. 

The sc attering of points from the lines is greater than for a rapid 

onfinuous series of observations and is to be: expected when the effect 
measured is varying. 
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-Power-factor-capacitance curves of a guard-ring air capacitor with 
im electrodes indicating increase in power factor with time due to aging 
lectrode surface. 


The slopes of the power-factor—-capacitance curves shown so far are 
hu ictions of the areas of the electrodes. Since the power factors of a 
suard-ring capacitor are inversely proportional to the electrode sep- 

ration, the product of power factor and electrode separation should 
give a term which is a function of the electrode material and the con- 
litions of measurement and is independent of the geometry of the 
capacitor. Accordingly, this product has been used to express the 
power -loss measurements on the various electrode materials men- 

tioned above. The results are Sinead in table 1 as a product of phase- 
defect angle (which is equivalent to power factor) in microradians and 
electrode separation in millimeters for eight different relative humid- 
ities and three frequencies of measurement. In every case, except for 

* anodized aluminum, the power factor reaches a maximum between 

3 and 75 percent relative humidity, and in general the maximum 
vccurs at a higher humidity at the higher frequencies. In addition, 

vhere data at 97 percent are available there appears to be a minimum 
ttabout 85 percent relative humidity. The data from the table for alu- 

minum and silver-plated electrodes are shown graphically in figure 12. 
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TaBLE 1.—Effect of electrode material and relative humidity upon the power ja, 
(phase defect angle) of a guard-ring air capacitor 
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FIGURE 12.—Losses in guard-ring air capacitors with aluminum and silver ¢lec- 
trodes as a function of relative humidity. 
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4 further examination of table 1 indicates that from the point of 
view of low power factor, aluminum is definitely the poorest of the 
materials listed for the electrodes of an air capacitor. This is to be 
expected because of the relatively thick oxide layer on metallic alumi- 
num. Increasing the thickness of the layer by anodizing produces a 
marked increase in the observed power factors. Among the remain- 
‘yg materials there is little choice, the silver-plated electrodes showing 
the lowest power factors by a small margin. With these materials 
the observed losses appear to be almost entirely due to moisture 
because only a very slight effect was observed in the dry atmosphere. 

In obtaining the above data it was found that cleaning the electrodes 
and keeping them clean was quite necessary for consistent results. 
Small quantities of dust were especially troublesome, particularly at 
high humidities and with electrode separations of less than a milli- 
meter. Fortunately, by the use of polished or semipolished electrode 
surfaces it was quite easy to detect the presence of dust. Next to 
dust, oil and grease films were found most likely to give abnormally 
high power factors. It was found, for example, that cleaning the 
electrodes with commercial grade carbon tetrachloride or benzene some- 
times left an invisible oil film which considerably increased the power 
factor of the capacitor. Cleansing with soap and water with adequate 
rinsing was found to give the cleanest surfaces from the point of view 
of low power factor. 


V. CONTRIBUTION OF A SURFACE LAYER TO POWER 
FACTOR 


Inasmuch as the losses in a guard-ring air capacitor appear to occur 
in surface layers on the electrodes, it is desirable to determine analyti- 
cally the effect of such layers on the power factors. In figure 13 are 
shown (a) a section of the electrodes of a capacitor separated by a 
distance, d, and with a film on each electrode of thickness, t, (b) a 
circuit diagram of the arrangement showing a perfect capacitor, C,, in 
series with a partially conducting capacitor of capacitance and re- 
sistance, C, and R, (the thickness of the dielectric of C, will be twice 
that of the film), and (c) an equivalent circuit of capacitance, C, and 
resistance, R. The capacitance, C, and power factor, ¢, of the 
equivalent circuit are, when t<<d or O,<<C, and second-order 
terms are neglected, 


(1) 


2R2C,C. 
o=0,(1- Toe) 


= wR0, 9 
oT RC? @) 
where w is 27 times the frequency, f. If the dielectric constant in 


Fest and conductivity in ohm~'cm™, of the film are e and a, respec- 
tively, the above equations may be written 


2 
2e(5.5x10-™2) 


1+(5.5x10-#£) =o, 1-3xn | (3) 





: 4 





688 Journal of Research of the National Bureau of Standards 


and 


Luxio! , 
= pM 


£107 aly 


The numerical factors arise from expressing the capacitance in D 

tical units. In these equations the capacitance change and pow 01 
factor are linear functions of the t/d ratio and of factors N and M 
respec tively, which ar 


Vv MEA JZ 7 ff a in turn functions of 
Kosai —<—<\ and ¢«. The iny 








Inverse 
proportional relation ¢ 
eq 4 between power fa 
tor and electrode separ. 
tion is In accordance 
with the experiment; 
data for guard-ring ¢ 
pacitors. The manner 
which the factors N and 
M vary with f/o isshow 
in figure 14 with €a 
parameter. Here Nar 
logo M are plotted 
against logy) f/o for y 
ues of e=1, 10, and 1! 
The M curves show tha! 
a film on an electrod 
surface produces a mi 
R imum power-fact 


effect for critical values 
FiaureE 13.—Electrical representation of an electrode of flo. Theratio ficis 
surface layer. : 

















chosen as a_varial! 
In (a) is shown a section of the electrodes of a capacitor separated ¢ . , eraries 
by a distance, d, with films on eac hea ig 8 surface of thickness, t. rather than I, ie Cd 
= (b) is shown the circuit including the electrode film which can 1n general o W m3 
be reduced to the equivalent circuit (c). 
appreciably with /, 


making it impossible to consider f as a variable with o constant. 
value of this ratio which produces the greatest power factor is 


f_1.8X10" 


oC € 
and the corresponding power factor is 


t 
P (max) = 7 


Since e will always be greater than unity, the maximum possible power 
factor effect of a thin film on an electrode surface will alw: ays be 


less than the ratio of the film thickness to the electrode separati 
Attention should be called to the fact that the maximum a indepen 
dent of either the conductivity of the film or the frequency.’ 


3 Equations 5 and 6 are based on the assumption that e is independent of f/e. Although this may! t 
strictly true, it is not likely that the variation of ¢ will be sufficiently great to appreciably affec 


off/e at which the maximum of ¢ occurs. 





Nature of Energy Losses 689 


As the power factor passes through its maximum value with vary- 
‘ng conductivity and frequency, the capacitance, OC, changes from 


C=C [ = ”) 


(, to 
ed 


as shown by the N curves of figure 14. These types of simultaneous 
ations of capacitance and power factor with frequency are well- 
nown dielectric phenomena occurring with polar molecules in a vis- 
cous medium [8] and in a heterogeneous dielectric [9] such as was 





os “ Lx IG! F/o 
dea qdMo M= 1+ (5.5 X10 € F/O) 2 





Drax = t/ed 


_ ‘s 
Cs, ft~ 46 n= 2€ (55x10 £/o)? 

(t= EN)s 1+(5.5x10'3 eF/o)* 
€=100 
i €=10 


a 9 
a 


Selendis 
~. s 


i2 F 16 
L OG, § oe 
Curves showing the effect of an electrode film of thickness, t, conduc- 


and dielectric constant, «, on the power factor, ¢, and capacitance, C, of a 
ring air capacitor of electrode spacing, d; frequency is denoted by f. 
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Ahi ed by Maxwell to explain certain types of dielectric absorption. 
tually the electrode-film idea may be considered as a special case 
{the latter reference. 
i the power-factor maxima and the over-all change of capacitance 
th frequency were determined for a guard-ring capacitor with an 
electrode surface ls ayer, the thickness, dielectric constant, and — 
tivity of the layer could be determined by applications of eq 5, 
and 7. Unfortunately, the data obtained in this investigation are in- 
dequate for these computations. The frequency range is not suffi- 
cient to obtain the power-factor maxima and the mec hanical stability 
of the capacitors was not sufficient to determine the capacitance 
changes with the required accuracy. However, the power-factor max- 
ima obtained with varying humidities are subject to explanation by 
he above equations, and an examination of the data with respect to 
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these equations yields some information concerning the nature of ¢}, 
electrode films. 

According to gravimetric observations [10], the amount of moisty, 
taken up by a metal surface increases continuously with relatiy; 
humidity, and above 85 percent the increase is very rapid. If thy 
moisture formed a layer on the electrode of regularly increasing thick. 
ness, and if the conductivity of the layer were independent of thick. 
ness the observed power factors would increase with relative humidity 
in the same manner as does the amount of moisture deposited.  Sy¢i, 
a continuous increase is not in accordance with the power-facto: 
maxima shown in figure 12. For the case of aluminum electrodes 
these maxima can be readily accounted for by assuming that the cop. 
ductivity of the oxide layer is a function of the relative humidity 
According to eq 6, the value of the maximum-power factor due ty 
variable conductivity is independent of either the conductivity or the 
frequency. The maxima at 200 c/s and 60 c/s are of approxi 
mately the same height, and since they occur at different relatiye 
humidities, it seems likely that for relative humidities below 80 per. 
cent the most important effect of the moisture is to change the cop. 
ductivity of the surface film rather than its thickness. Assuming this 
to be the case, eq 6 can be applied to the maximum value for power 
factor to deduce a value of 14 107e cm as the thickness of the oxide 
layer. The somewhat lower maximum value at 1,000 c/s may be due 
to a higher dielectric constant at this frequency. 

The power-factor minima at about 85-percent relative humidity ar 
probably due to the increased importance of the moisture film at 
very high humidities. Since gravimetric observations show a very 
rapid increase in the amount of moisture deposited at high relative 
humidities, it is possible that at humidities higher than 85 percent the 
moisture layer becomes sufficiently thick to produce a power factor 
greater than that due to the aluminum oxide layer. 

In the case of the silver-plated electrode surfaces and the others 
of similar nature there is probably no significant oxide layer, as indi- 
cated both by well-known properties of these metals and by the 
power-factor data fora dry atmosphere. Hence, the observed increase 
in power factor with relative humidity must be due entirely to the 
moisture on the electrode surfaces. An explanation of the maxim 
requires that the conductivity of the layer be a function of its thick- 
ness, probably increasing as the thickness is increased. 

If the moisture layer is alone responsible for the observed power 
factors it is necessary to assume conductivities considerably below 
those obtained for water in conductivity cells. These latter values 
range upward from approximately 110-* ohm cm™. Referring 
to figure 14, it may be seen that such conductivities would give, at 
commercial and audio frequencies, extremely small power-factor | 
effects unless the film were very thick. For example, with a conduc- 
tivity of 1X10-* ohm=! cm™! and at a frequency of 60 c/s, a film thick- 
ness of 30 microns would be required to produce the maximum powel 
factor shown in figure 12. This is about ten thousand times the thick- 
ness of water layers observed on such metals by gravimetric methods 
[10]. On the other hand, the conductivity necessary to produce the 
maximum power factor can be computed by eq 5 if the dielectric 
constant and frequency are known. Assuming a dielectric constant 
of 80, the power-factor maximum at 60 c/s is produced by a conduc: 
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tivity of 2.6X10-° ohm™ cm, which is considerably less than the 
normal conductivity of water. Equation 5 also shows that the con- 
ductivity of an electrode film necessary to produce a power-factor 
maximum increases with increasing frequency. Since the maxima 
at higher frequencies occur at higher humidities, the data and theory 
are consistent in assuming the conductivity of the moisture layer to 
increase With increasing thickness of the layer. Further evidence 
that the observed power factors for all electrode metals except alumi- 
num are due primarily to the moisture layer is found in the fact that 
in general the magnitude of the maximum power factor is greater at the 
hither frequencies. ‘This is essential because these maxima occur at 
higher humidities at the higher frequencies. 

Assuming the dielectric constant of the moisture film to be 80, and 
applying eq 6 to the maximum power factors for silver electrodes, as 
shown in figure 12, values of 13 10~-® cm and 19X 107° cm are obtained 
as the thicknesses of the film at relative humidities of 52 and 75 per- 
cent, respectively. These thicknesses are about 10 times the values 
obtained gravimetrically but this discrepancy may be due to the 
assumed value for the dielectric constant of the layer. A dielectric 
constant of 8 for the moisture layer would make the data consistent 
with gravimetric observations. More complete data would, as pointed 
out above, give both the dielectric constant and conductivity of the 
layer making it unnecessary to assume these values from other types 
of measurements. Additional data would also furnish more complete 
evidence as to whether the power factors observed with silver-surfaced 
and other similar electrodes are due to the moisture film alone or to 
moisture in combination with a layer of some foreign material. The 
present data are quite definite in indicating that the conductivity of 
the electrode film 1s appreciably less than the normal values for water, 
but can give only a ratio of film thickness to its dielectric constant. 
If upon separating these latter two quantities by further measure- 
ments it is found that the thicknesses are greater than those observed 
gravimetrically for water, then it would definitely appear that the 
electrode film had important constituents other than water. The 
conductivities necessary to produce a maximum power factor could 
be attributed to a mixture of water and the other material of the 
film. 

The data for anodized aluminum (table 1) show no definite power- 
factor maxima with relative humidity. This would seem to indicate 
that the moisture does not penetrate the oxide layer sufficiently to 
cause a large enough average conductivity to produce a maximum. 


VI. EFFECT OF A NONHOMOGENEOUS FIELD ON POWER 
FACTOR 


In order to determine the effect, if any, of a nonhomogeneous electric 
field on the power factor of an air capacitor, sharp-edged, annular 
grooves were cut in one of the electrodes of a brass guard-ring capacitor, 
as shown in figure 15. With such a capacitor there is an appreciably 
nonuniform field between the electrodes. The power factor of this 
capacitor was then measured at various electrode spacings and relative 
humidities. The results at 60 c/s are shown in figure 16 with power 
factor plotted against capacitance with relative humidity as a para- 
meter. The dashed line, which represents the results at 43-percent 
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relative humidity for smooth brass electrodes (shown previously j) 
fig. 9), is shown for comparison. The increase in power factor due ty 
the nonhomogeneous field is quite pronounced. It is also evident 
that the power factor increases appreciably with relative humidity jy 
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FicurE 15.—WSection of a guard-ring capacitor showing grooves cut in one of the bras 
electrodes to produce a nonhomogeneous field. 


the low-humidity range and then drops to low values at high humi()- 
ties. This latter behavior is qualitatively similar to that observed 
when the field of the guard-ring capacitor was uniform. On the othe; 
hand, there is to be noted in figure 16 a departure of the power-factor- 
capacitance curve from proportionality at 18-percent relative humidity 
and from linearity at 85-percent relative humidity. These curves 
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FicurE 16.—Power factors of a guard-ring capacitor with nonhomogeneous field al 
various humidities. 


The dashed line represents the equivalent values for a guard-ring capacitor with a uniform field at 43-percet! 
relative humidity. Measurements were at 60 c/s. 


may be due to one or both of the following factors: (1) the capacitance 
of the grooved-electrode capacitor is not inversely proportional to its 
electrode separation, and (2) the degree of nonuniformity of the field 
varies with the capacitance or electrode separation. 

It is probable that the power factors represented in figure 16 are 
also due to energy losses in a layer on the electrode surface because 
of the fact that power-factor maxima with variable relative humidity 








ince 
) 118 
held 


are 
use 
ity 


Nature of Energy Losses 693 


Asitn} 


are observed. If corona were a cause of the increase in power factor 
»roduced by field distortion, there would very likely be no maximum 
with relative humidity. Further evidence that measurable corona 
losses were not present was found in the independence of the power 
factor upon the voltage applied to the capacitor. Although it was 
lificult to estimate the maximum potential gradient in the capacitor, 
the average field was about 500 v/em. Upon increasing this value to 
; 200 v/em, no change in power factor was observed. The increase in 
»ower factor caused by the nonuniform field may be attributable to 
‘he fact that in such a field, dipoles as well as ions would undergo a 
translatory motion. ; 

The question which now aptly arises is, how much of the loss 
observed in the ordinary guard-ring capacitors was due to the slight 
nonhomogeneity of field at the gap between the measuring electrode 
and the guard ring. ‘Tests have been made on guard-ring capacitors 
with brass electrodes in which the width of the guard-ring gap varied 
from 0.2 to 2 mm, with a resulting variation in the degree of non- 
homogeneity. No appreciable differences in power factors were 
observed, indicating that the effect of nonhomogeneity in the guard- 
ring capacitors used for obtaining the data of table 1 was quite negli- 
gible. 

It is probable that the observed power factor of the three-electrode 
rotating-plate capacitor, previously discussed, is due to the non- 
homogeneous field at the edges of its electrodes. Referring back to 
figure 1, it is seen that the power factor of this capacitor, C,, decreases 
with increasing capacitance. The ratio of nonuniform field to uniform 
field in a rotating-electrode capacitor decreases as the capacitance 
increases, hence the part of the power factor originating in the non- 
uniform field at the edges of the electrodes of such a capacitor would 
decrease With increasing capacitance. Although qualitatively similar 
relations between power factor and capacitance were obtained for 
two-electrode capacitors when there was conductance between the 
measuring electrodes, such cannot be the cause of the power factor 
of the three-electrode capacitor, because the guard electrode makes 
possible the complete elimination of such an effect. Nor is it likely 
that the power factors represented by the C, curves of figure 1 are 
due to an electrode surface layer of variable thickness or conductivity, 
because (1) the power-factor variation with capacitance is too uniform 
to be due to an irregular surface layer, and (2) the same type of varia- 
tion has been obtained with both aluminum electrodes and _ nickel- 
plated brass electrodes in the capacitor. The three-electrode rotat- 
ing-plate capacitor was originally built with aluminum electrodes and 
its power-factor characteristic was believed to be due to an irregular 
surface layer. When it was found that aluminum electrodes gave 
the largest power factor of the common electrode metals the capacitor 
was rebuilt with nickel-plated brass electrodes. Although the power 
factor of the rebuilt capacitor was reduced, the same type of variation 
with capacitance was obtained, indicating that some source other than 
surface irregularities must be the cause of its power-factor character- 
istic. The C, curves of figure 1 represent nickel-plated electrodes, 
approximately 3 mm apart when interleaved. Referring to table 1, 
it ls noted that the power factor due to such electrodes at 3-mm spac- 
ing should always be less than 10~® when in a uniform field. It is 
therefore concluded that the power-factor values shown in figure 1 
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for the three-electrode rotating-plate capacitor are on account of 
nonhomogeneous field at the edges of the electrodes. 

As should be expected, it was found that the power factor of 4 
rotating-plate capacitor varied considerably with humidity. It y;9; 
possible to maintain reasonably constant power-factor values ire 
day to day by directing a gentle stream of dry air through the ey. 
pacitor. The curves of figure 1 were taken under such conditions, 


VII. CONCLUSION 


1. The power factors of most variable two-electrode air ¢; apacitors 
may be represented in the form A+ B/C, where C is the capacitance 
A depends upon the electrode material, frequency, and humidii 
and B depends upon the insulation material, frequency, and | 
midity. 

2. The losses in two-electrode capacitors are appreci: ably depend 
on the relative humidity and frequency. Specific ations of power 
factor for such capacitors are quite meaningless unless the capacito; 
is in equilibrium with its surrounding atmosphere and the condition: 
of measurement are clearly defined. 

3. The power factor of a guard-ring capacitor is proportional to jt: 
capacitance (inverse electrode separation). The losses are also a; 
important function of relative humidity, showing maximum values j 
the low-frequency range for relative humidities of about 50 percent. 

4. Guard-ring capacitors with aluminum electrodes have app 
ciably greater power factors than those of other materials. Othe 
materials tested were stainless steel, monel metal, nickel, and brass 
in addition to brass plated with silver, nickel, chromium, gold, ; 
rhodium. No noteworthy differences between the power factors o/ 
capacitors of these materials were observed, although the silver. 
re electrodes appeared to be superior by a slight margin. 

. The losses observed in guard-ring capacitors may be explaine( 
oy a layer of oxide or water or both on the electrode surface. 
contribution of such a layer to the power factor of the capacitor wil 
be a maximum when the conductivity, o, and dielectric constant 
e, of the layer are related to the frequency, f, as 


f_1.8X10" 


a € 


The maximum possible power factor from such a layer for variabl 
f and/or o is 


t 
Pima) =F 


where ¢ is thickness of the layer and d the electrode separation. 

6. The data indicate that (1) the conductivity of moisture films 
on metals increases as the film thickness is increased and, (2) both th 
conductivity and dielectric constant of the moisture films are appre- 
ciably less than those of water as ordinarily measured. 

7. The contribution of a surface layer to power factor is appre- 
ciably increased when the electric field is nonuniform. This may give 
rise to a power factor in a three-electrode rotating-plate capacitor 
which decreases with increasing capacitance. 
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ELECTROANALYTICAL DETERMINATION OF COPPER 
AND LEAD IN NITRIC ACID SOLUTION CONTAINING 
SMALL AMOUNTS OF HYDROCHLORIC ACID 


By John A. Scherrer, Rosemond K. Bell, and William D. Mogerman 


ABSTRACT 


the analysis of copper-base alloys, chiefly brasses and bronze, difficulties 
ave been encountered in consistently obtaining quantitative depositions of copper 
in nitrie acid solutions, unless the nitric acid solution of copper is either fumed 
with sulfuric acid or evaporated to dryness and baked moderately. As a result 
f experiments made to remedy this trouble, it has been found that complete 
position of copper is obtained if a trace of chloride ion (1 drop of 0.1 N hydro- 
chlorie acid) is added to the nitric acid solution either during the solution of the 
alloy or at the beginning of the electrolysis. 
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I. INTRODUCTION 


Electroanalytical determinations of copper in copper-base alloys, 
such as brass and bronze, are usually made by depositing the metal 
rom an electrolyte containing sulfuric and nitric acids. For exam- 
ple, in analyses of alloys containing moderate amounts of lead, (less 
than 10 percent), the alloy may be dissolved in diluted nitric acid, 
the solution evaporated to dryness, and baked moderately. The 
residue is digested with nitric acid, diluted, and the solution filtered 
if metastannic acid is present. The solution is then electrolyzed and, 
after 1.5 to 2.5 hours, when all or most of the lead has been deposited 
as the peroxide on the anode, 3 to 4 ml of sulfuric acid is added, and 
the electrolysis continued to complete the deposition of copper on 
the cathode. 

If larger amounts of lead are present, after tin is removed as meta- 
stannic acid, sulfuric acid is added to the nitric acid solution and the 
lead removed by evaporating the solution to fumes of sulfuric acid, 
diluting, and filtering. Three to four ml of nitric acid is added to 
the filtrate, which is then electrolyzed for copper and residual lead. 

In one of the procedures used at the National Bureau of Standards 
for the routine analysis of brasses and bronzes, the alloy is dissolved 
in diluted nitric acid and the solution boiled for about 5 minutes 
after oxides of nitrogen are no longer visible. The solution is then 
diluted, neutralized with ammonium hydroxide, made about 3-percent 
acid with nitric acid, and electrolyzed. If tin is present, the solution 
is filtered before neutralizing with ammonium hydroxide. This 
method is shorter than those calling for dehydration, or fuming with 
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sulfuric acid, and is applicable for the simultanoeus determinatioy of 

copper and lead in many of the alloys which are received for ; analysis 

This procedure had been used at the Bureau for a number of years 

and yielded satisfactory results for copper and lead. Recently, hoy 

ever, increasing difficulties were experienced in obtaining quantita. 

tive deposition ‘of copper. For example, in a series of 10 electrolyse ; 
run at the same time, satisfactory deposition of copper would be ob. 
tained i in possibly 6 to 8 cases, and only 50- to 80-percent deposition 
in the other determinations. 


Experiments were made from time to time in an attempt to fin( 
and eliminate the trouble. A number of so-called addition-agent; 
such as sulfur dioxide, hydrogen peroxide, urea, and a number of 
other organic materials, were added to the electroly te both prior to, 
and during electrolysis, but none of these were satisfactory. It was 
observed, however, that if the nitric acid solution was evaporated t 
dryness and the residue baked moderately, or if the solution was fumed 
with sulfuric acid and nitric acid added, satisfactory deposition of 
copper was obtained in the subsequent electrolysis.! Prolon ged 
boiling of the nitric acid solution of copper, or evaporation of th 
solution to dryness on a steam bath, lessened the number of fa: ilty 
determinations, but did not completely eliminate the difficulty of 
obtaining quantitative depositions. 

With the thought that traces of certain elements possibly in the 
nitric acid of earlier date might have had a critical effect, experiments 
were made in which small amounts of halides were added to the nitri 
acid. Surprisingly, it was found that quantitative deposition of 
copper is obtained if a trace of chloride ion (1 drop of 0.1 N hydro- 
chloric acid) is added to the nitric acid solution, either during solution 
of the alloy or at the beginning of the electrolysis. Deposits of copper 
so obtained are of normal appearance, and the attack on the electrodes 
is no greater than is encountered in the absence of hydrochloric acid.’ 


II. PROCEDURE 


The following procedure is recommended for the routine determina- 
tion of lead and copper in brasses and bronzes. 

Cylindrical electrodes 1.5 and 2 inches in diameter, and 1.75 inches 
in height, made from copresienady 50-mesh platinum gauze are thie 
most satisfactory type. Before using the electrodes they must be 
thoroughly cleaned and ignited to remove any previous “deposit or 
grease. To do this, immerse the electrodes in diluted nitric acid 
(1+1)* until copper, lead or other metals are dissolved.* Remove the 
electrodes, rinse with distilled water, and place them in a fresh solu- 
tion of diluted nitric acid (1+1). Add a few drops of ethyl alcohol and 
boil for about 10 minutes. Remove, and rinse the electrodes with 
distilled water. Ignite in the flame of a large burner, or several 
burners, so that the entire gauze area is uniformly heated (to bright 
redness) for 5 minutes or more. Cool in a desiccator, and weigh. 


i It — be mentioned that very smal] amounts of copper, usually less than 0.2 mg, may remain in the 
electrolyte 
? In an internal electrolysis method for copper and bismuth, Clark, Wooten, and Luke add a little chlor 
to —_ clogged diaphragms (Ind. Eng. Chem. Anal. Ed., 8, 41] (1936). , 
his denotes, throughout the paper, 1 volume of concentrated nitric acid (sp gr 1.42) diluted with 1 vol- 
ume of water. if no dilution is specified, the concentrated reagent is meant. 
4 With a heavy deposit of lead peroxide, add a few drops of ethy] alcohol and heat until solution ensues 
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Place 1 g of the well-mixed sample in a 250-ml beaker, cover, add 
5 ml of diluted nitric acid (1+1) and 1 drop of 0.1 N hy drochloric 
acid. When the action has ceased, heat to boiling, and continue 
he boiling for about 5 minutes after the red oxides of nitrogen have 

sappeared. Dilute to about 150 ml with distilled water. If the 
alloy contains tin, use hot distilled water, digest the solution for an 
our or more, filter through a paper of close texture, and wash the pre- 
sipitate with hot diluted nitric acid (1+99).° 
‘Neutralize ® the filtrate with ammonium hydroxide,’ add an excess 

{6 ml of nitric acid,’ and dilute to 200 ml. Insert the electrodes so 

that the surface of the cathode clears the anode by at least 5 mm, and 

both electrodes almost touch the bottom of the beaker. Cover the 

beaker with split watch glasses, and electrolyze with a current of 0.2 
to 0.4 ampere until deposition is complete, usually overnight. With- 

out interrupting the current, slowly lower the beaker, and, at the same 

time, ws ash the electrodes with a stream of distilled water. Imme- 

ately immerse the electrodes in another beaker containing distilled 
vater, lower the beaker, discontinue the current, and disconnect the 
lectrodes. Rinse the cathode with ethyl alcohol, shake off the 

excess alcohol, and dry for a few minutes in an oven at 110° C. 

Cool in a desiccator and weigh. If a deposit of lead peroxide is indi- 

cated on the anode, rinse the latter with water and dry for about an 
our at 180° C. Cool in a desiccator, weigh as PbO:, and use the 
ictor 0.866 to calculate the percentage of lead.° 


III. DISCUSSION 


Results obtained when the recommended procedure was applied to 
samples of copper and lead of high purity are shown in tables 1 and 2. 
in addition, the procedure has now been in daily use for the past 
year in the analysis of various brasses and bronzes in the Bureau’s 
laboratories, without a single instance of unsatisfactory deposition of 
copper. 

The addition of the very small amount of chloride ion does not 
cause any significant attack on the electrodes. The loss in weight of 
the anodes in 75 electrolyses averaged less than 0.1 mg, which is of 
the same order of magnitude as in ‘the absence of hy drochloric acid. 

As regards the minimum amount of chloride ion, 5 drops of 0.01 N 
hydrochloric acid generally yielded quantitative deposition of copper, 
but less than this amount was not satisfactory. 

Despite a considerable amount of experimental work, no suitable 
explanation can be offered at this time as to why the addition of a 
small amount of chloride ion eliminates the difficulties encountered in 
obtaining quantitative deposition of copper from a nitric acid solution. 
Hydrochloric acid had the same effect whether added during solution 
of the sample, or at the beginning of the electrolysis. It was also 
' Slight amounts of copper and lead are retained by the metastannic acid and should be recovered in very 
ccurate work, but they are generally disregarded in routine analyses. The recovery can be made by treat- 

ie precipitate and paper with sulfuric and nitric acids until the paper is destroyed and then making an 
ine sulfide separation. The presence of the very small amount of hydrochloric acid does not vitiate 
he cor mp lete separation of tin as metastannic acid. 
lus paper is a suitable indicator, though, with a little experience, the neutral point can be located 
vit 18 .¢ form: ation of the blue-colored copper complex in ammoniacal solution. 

Te € page 700, for procedure with 5 g of copper. 

: 1 lests have shown that when, in the absence of lead, an excess of 5 ml of sulfuric acid is added instead of 
ic acid, complete deposition of copper is obtained ‘without the addition of hydrochloric acid. 

x if manganese is present in the electrolyte some of it will be deposited with the lead. In this case dissolve 

the deposit in about 10 ml of diluted nitric acid (1+1) containing a few drops of ethyl alcohol. Dilute, 


and treat with hydrogen sulfide. Filter the lead sulfide, dissolve it in nitric acid, and deposit the lead 
electrolytically as the peroxide. 
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found that if the deposition of copper in nitric acid solution was no; 
complete in 18 hours in the old method, continued electrolysis did yo; 
help, but if 1 drop of 0.1 N hydrochloric acid was then added, quan. 
titative deposition of copper was obtained within the time indicate; 
in the recommended procedure. , 


TABLE 1.—Results obtained by applying the recommended procedure in analyses 
high-purity copper 
COPPER 


Added | Recovered! | Added | Recovered! | 
| 





g g g 
0. 0580 | . 1. 0075 1. 0073 

. 0570 . 05 1.0052 | 1.0051 
"1568 , 1. 0006 | 1. 0007 
1505 1. 0005 1. 0006 
1. 0056 2. 0007 | 2. 0008 
1.0056 | 1.0054 2. 0001 2.0001 





1 A little copper was usually left in the electrolyte—less than 0.1 mg in electrolyses of 50 to 150 mg of 
and from 0.05 to 0.2 mg in those involving 1 to 2 g of copper. 


TABLE 2.—Results obtained by applying the recommended procedure to mixtures oj 
copper and lead of high purity 





Copper | Lead 
| 





} | 
Added | Recovered ! Added Recovered 





| 


g | g | g 
1. 0072 | 0. 0562 | 0. 0561 


g 
1.0072 
1. 0026 
1. 0073 1. 0072 


| 1. 0026 
1. 0066 1. 0065 


- 0543 . 0539 
. 0636 . 0636 
. 0635 . 0636 
. 0559 . 0559 
. 0559 . 0555 


1. 0002 1. 0002 
1. 0007 1. 0005 








1 A little copper, ranging from 0.05 to 0.2 mg, was usually left in the electrolyte. 


Although the recommended procedure is not intended to replace: 
the Battery Assay Method for Copper specified by the America 
Society for Testing Materials,’ the procedure is useful, in cases wher 
sulfates are objectionable, for separating copper in large samples. 
However, with 5 g of copper, neutralization with ammonium hydroxid 
is not satisfactory, and the procedure is modified as follows: Dissolve 
5 g of sample in exactly 30 ml of diluted nitric acid (1+1). Add 1 to 
2 drops of 0.1 N hydrochloric acid, and boil gently for about 5 minutes 
after the red oxides of nitrogen have disappeared. Dilute to 225 ml, 
electrolyze with a current of 0.4 ampere until deposition is complete, 
usually 17 to 19 hours. Quantitative deposition is obtained. For 
example, in a series of eight determinations on 5-g samples, the un- 
deposited copper in the electrolyte ranged from 0.1 to 0.3 mg. 

Sodium chlorate, potassium bromide or bromate, and potassium 
iodide or iodate function like hydrochloric acid or sodium chloride, but 
the weight of the deposited copper was generally a few tenths of a 
milligram too high. The addition of 1 to 2 drops of 0.1 N hydro- 
fluoric acid does not cause complete deposition in the absence 0 
chloride; on the other hand, it does not vitiate the beneficial action 0! 
the chloride ion in the recommended method. 


Wasuineton, March 20, 1939. 


_ 10 Methods of Chemical Analysis of Metals, ASTM, p. 111, Designation: B34-36T. (1936). If lea d- aod 
tin-free brasses are dissolved in the sulfuric-nitric acid mixture specified in the Battery Assay Method, 
quantitative deposition of copper will be obtained when the solution is electrolyzed. 
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BUBBLER TIP OF PYREX GLASS FOR DIFFICULT 
ABSORPTIONS 


By Joseph R. Branham and Edward O. Sperling 


ABSTRACT 


[This paper describes a tip made of Pyrex glass to be used in a gas-absorption 

to divide the stream of gas into small bubbles in order to obtain a large 

rface of contact with liquid reagents. The tip is made by sealing a number of 

copper wires, radiating from a center in a definite pattern, between a cone 

ned on the end of a glass tube and a circular glass disk. After the glass parts 

iled together and ground to expose the ends of the wires, the wires are dis- 

| in warm nitric acid. Drawings which illustrate the method of making the 

tins are included. The tips are very sturdy and at moderate pressures furnish 
small bubbles of uniform size and distribution. 


This paper describes a tip used for dividing a gas stream into bubbles 
the washing of gases or for their absorption in liquid reagents. 
The tip was developed primarily for the absorption of oxygen in an 
alkaline solution of potassium pyrogallate in an Orsat apparatus. It 
is, of course, adaptable to other reagents and to other forms of appara- 
Each unit of the Orsat apparatus for which the tip was designed 
was made of Pyrex glass and sealed directly together to avoid rubber 
connections.’ The extent to which absorption is accelerated by 
dividing the gas stream passing through the reagent into small bubbles 
which offer a large surface of contact has been discussed in connection 
with two gas-absorption pipettes previously described. The gas 
entering the inlet tube of these pipettes is divided into small bubbles 
by passage through either a platinum disk drilled with several hundred 
orifices, 0.06 mm in diameter,” or through a porous Jena glass thimble. 
Other types of porous or perforated disks have also been used to some 
extent, particularly in wash bottles. 

The absorption pipette described in this paper is shown in figure 1. 
The dimensions of all drawings are given in millimeters. The front 
and top views of the assembled distributor tip are shown in figure 2, 
A and B, respectively. At the left, in figure 2, are shown cross- 
sectional views of the parts C, D, and E, from which the tip is made 
and the top view of the copper spider, /’, which is sealed between C 
and £ at D. A thin copper disk, G, may be substituted for F, if 
desired. The spider, F, constructed of small copper wires, as is 
described later, or the thin copper disk, G, serve as temporary spacers 
which are later dissolved in nitric acid to leave channels of like shape 
inthe glass. After EZ is sealed to C the outer ends of the wires forming 


For 4 discussion of errors caused by such connections, see, J. R. Branham, EF _—_ in gas analysis arising 
rom loss of gas by solution in rubber connections and stopcock lubricant, BS J. Research 12, 353 (1934) R P661. 
‘Martin Shepherd, A gas analysis pipette for difficult absorptions. BS J. Research 4, 747 (1930) RP177. 

‘Martin Shepherd, Fish-Schurman Catalogue, p. 18. 
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the spider are fully exposed to the original diameter of the wire }y 
grinding the sides of the assembled tip, A. 
The cross section of the graphite molds * used to make C and E of 
figure 2 are shown in figure 3, A and B, respectively. The part of 4 
shown blackened in figure 3 is made of steel which has been heated 
and dipped into beeswax. When this mold is used, the upper section 
of A is removed and slipped on a glass tube. The glass tube is they 
heated and thickened into a heavy-walled cone at its lower end. 
The hot softened glass is then inserted and 
pressed into the lower section of the mold. 
which is kept sufficiently hot to prevent the 
glass from cooling too rapidly. The glass 
disk, EF of figure 2, is formed at D, figure 3. 
in a similar manner, except that glass rod 
is used and a solid ball of glass is collected 
instead of the hollow cone. After the glass 
has cooled, it is file-scratched at F and 
broken from the stem, E. The broken edge 
which results is ground nearly flat before the 
spider is sealed between the glass parts. 
The copper spiders are made by winding 
a single length of copper wire on the hard- 
ened steel form, A, shown in figure 4. 
This operation produces one spider at each 
end of the cylinder. The pegs on the side 
of the cylinder are used to secure one end 
of this wire at the start of the winding 
operation and the other end when the 
winding is finished. The windings pass 
nearly vertically up and down the sides of 
7 the cylinder and are guided across the top 
« and bottom of the cylinder by the slots 
shown in B of figure 4, so that each turn 
of wire crosses the axis of the cylinder. 
After winding is complete, that is, when 10 
turns have been made and the ends of wire 
Figure 1.—A Pyrex absorp- secured, two brass guides, each with a slid- 
tion pipette and bubbler tip. ing steel plunger, are slipped over the ends 
of A. One of these guides is shown at C, 
figure 4. Sufficient pressure is then applied to the two plungers, 
by means of a vise, to mash the wires against a steel rod, the faces 
of which are flush with the bottom of the guiding slots. As a result 
of this operation the wires at the center of the spider become matted 
together sufficiently to permit handling the spider with forceps 
without its falling apart. Spiders have been made, as described, 
of copper wires of 0.20-, 0.16-, 0.13-, and 0.10-mm diameter. The 
spiders become increasingly fragile as the diameter of the wire de- 
creases, and about one-half of the spiders made with 0.10-mm wire 
fell apart when being handled. This fragility may have resulted 
from insufficient wire in the center of the spider to mat securely, or 
from a difference in the quality of the more finely drawn wire. The 
wires forming the spider are next cut with a sharp tool, for instance, 


4 The authors are indebted to Harry Bailey of this Bureau for advice on design and for making the graphite 
and steel molds and forms used in this study. 
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, sifety-razor blade,® at the outer edge of each slot (fig. 4, B) and 
are ihen ready to be sealed into glass parts of the tip. 

The sealing of the copper spider *® between C and EF of figure 2 is 
done in two steps. (1) The spider is first placed between C and E£ 
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Figure 2.—Details of separate parts and assembled tip. 


in the position shown in figure 5, C being supported in a hole bored in 
a transite block, A. The parts are then heated by a hand torch until 
the glass around the spider softens sufficiently to permit the spider to 


become partially imbedded in the glass so that its position will not 
change during the subse- 


—_ te quent operations. (2) 
e+ non The tip is then removed 
= Se alg from the block and heated 
; to a higher temperature in 
N a blast lamp until the glass 
ve is soft enough to flow and 
N completely fill the spaces 
between the wires when 
marvered.’ 
During these operations 
a thin layer of glass flows 
and covers the ends of the 
wires of the spider. This 
layer of glass is removed 
by inserting the tip into 
mod | a the chuck of a lathe and 
— grinding it until the ends 


FiguRrE 3.—Cross sections of graphite molds. of the wires are exposed as 
uniform circles. The final 






































‘This blade will cut the copper better if the angle between the sides of the cutting edge is increased to 
about 60 degrees by grinding it on a whetstone. 

‘ Dipping the spider into a dilute solution of borax before this seal is made appears to be of no advantage 
but may help when @, figure 2, is substituted for F. 

’ A glass-blowing term which denotes the application of pressure to a thoroughly heated piece of glass by 
rotating the glass while pressing it against a form of suitable material. : 

'The diameter of the spider should be very slightly less than that of the glass parts, to prevent the wires 
{rom oxidizing or fusing. Extreme temperatures which might melt the wire and deform the circular chan- 
nels should be avoided. 
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operation is to dissolve the wires by immersing the 
centrated nitric acid, which leaves channels from 
issue as small bubbles. 


Standards 


tip in warm Con. 
which gases y 


During the earlier period of this study, several pipette tips similg, 
to those described, except for the orifices, were made by using th, 
copper disks instead of the copper spiders which were devel loped 
later. One of these disks is shown at G in figure 2. The disks a» 


about 0.075 mm thick and slotted, as shown, to 


permit the ¢; 


parts to be sealed together over t) 
slotted areas. The bubble-maki 


characteristics of the 
the same as those of t 
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wire spiders. They were, howevye 


ficult to mak 


because excessive strains develope 
between the glass junctions and fre. 


class disk to Se] 


gSliding fit rate from the cone “when the tip was 
re being ground to expose the edge of thy 
disk. It was found in most cases tha} 

this breakage could be avoided by 


making several criss at 
BE 10 the center of the disk to relieve par 


cross incis slons 


he copper and by 
r the tip after th 


ices in the pipett 


tip that should be selected for use fo1 


a given absorption 
marily on the presst 
used without danger 


will depend | 
ire which can be 
of causing rs . 


age of gas in the apparatus, and th 
rate at which it is desired to pass thi 
FIGURE 4.—Form used in gas through the reavent. These two 


making copper spiders. factors determine tl 


1e size of orifices 


which may be used and, therefore, the 


size of bubbles that will result in a given reagent. 


course, other variables, such as the rate of reaction 
and reagent, the physical solubility of ‘inert’ gases 
in the reagent, and the dead space of the apparatus, 
which should be considered so as to obtain the 
best results under a given set of conditions. The 
relation between rate of flow, pressure, and the 
four sizes of orifices used in the Pyrex tips are given 
in figure 6. These measurements were made with 
the tips immersed in water while air was bubbled 
through them. The depths of immersion of the 
tips below the surface of the water were subtracted 
from the observed total pressures. It was found 
advisable to increase the pressure of the gas slowly, 
until the liquid within the tip was discharged. 
This prevented the building up of excessive pres- 
sures which would cause a surge of relatively large 
bubbles of gas when the first portion of gas entered 
the liquid. 


There are, ol 
between the gas 
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FiGuRE 5.— Tip sup- 
port used during 
initial sealing 
copper spacers. 
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xE 6.—FPressure-rate relations, c-r into water, for several sizes of orifices. 


s-bsorption pipettes equipped with tips of the kind described 
coe used successfully in this laboratory for the determination 

of oxygen by absorption in alkaline solutions of potassium pyrogallate. 
The tips are exceedingly sturdy and will withstand high pressures and 
ough treatment. T he gas stream is divided by the tips into small 
bubbles of uniform size without subjecting the gas to excessive 


pressures. 


WasHINGTON, March 1, 1939. 
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EFFECTS OF ALUMINUM AND OF ANTIMONY ON CERTAIN 
PROPERTIES OF CAST RED BRASS 


By Harold B. Gardner ' and Charles M. Saeger, Jr. 


ABSTRACT 


Additions of aluminum in amounts from 0.005 to 0.10 percent were made to 
red brass, made of remelted metal, of the nominal composition of 85 percent of 
sopper and 5 percent each of tin, zinc, and lead. Determinations of tensile prop- 
erties, density, hardness, the running property, and the ability to withstand 
hydraulic pressure, made on various types of test bars and test specimens, showed 
that all additions of aluminum had a deleterious effect on the properties and the 
structure. The effect was more pronounced with the higher concentrations of 
aluminum and was particularly evident on the ductility and the resistance to 
ydraulic pressure. 

“Additions of antimony to this alloy in the amounts ranging from 0.10 to 0.25 
nercent had only a nominal effect on all of the properties studied except the run- 
ning property, which was increased. 

These results indicated that the presence of 0.25 percent of antimony is per- 
missible, but that even 0.005 percent of aluminum has a deleterious effect on the 


alloy. 
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I. INTRODUCTION 


Upon the recommendation of the American Society for Testing 
Materials, the Non-Ferrous Ingot Metal Institute has sponsored at 
the National Bureau of Standards, since 1930, a study of the physical 
properties of copper-base alloys. A typical alloy of the red-brass 
group, widely used in industry, having the tk nena FP of 85 
percent of copper and 5 percent each of tin, zinc, and lead, has been 
under investigation. 


——— 
ae Associate at the National Bureau of Standards, representing the Non-Ferrous Ingot Metal 
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In 1932 [1]? a paper was presented before the American Socie ty for 
Testing Materials containing the results obtained on the study of the 
effect of type of test bar and of pouring temperature upon the phi 
properties of this alloy when made from virgin metal and from remelto, 
metal. 

The next phase of the investigation was to study the effect of 
impurities on the physical properties of the alloy, made from remelted 
metal. A paper [2] was presented before this Society in 1933 con. 
taining the results of the study of the effects of sulfur and iron as indi- 
vidual impurities to the alloy. Since that time, studies have bee, 
made of other elements added individually, and the influence of these 
elements on the physical properties of the alloy has been determined. 
In the present paper, data on the effects of aluminum and antimony 
on the remelted alloy are presented. 

In carrying out this phase of the Ww ork, three types of test bars were 
used. These were the sand-cast ¥-in. web fin-gate bar, the i immersed. 
crucible bar and the no-side- chill bar cut from a chill-mold ingot. 
Dimensioned drawings of each of these types of test bars were shown 
in the first paper of this investigation [1]. By using these three types 
of test bars, it was possible to obtain comparative data on the physical 
properties of a heat of the alloy from: (a) specimens uninfluenced by 
pouring or mold conditions, obtained in a suitably covered crucible 
immersed beneath the surface of the molten metal, (b) specimens cast 
in green-sand molds, and (c) specimens cast in chill molds. The test 
bars were representative of heats of the remelted alloy to which addi- 
tions of aluminum from 0.005 to 0.10 percent had been made, and from 
heats containing additions of antimony ranging from 0.10 to 0.25 
percent. on were cast at three pouring temperatures 
1,065° C (1,950° F), 1,150° C (2,100° F), and 1,230° C (2,250° F) 

Determinations of the following physical properties were made on 
each bar: Tensile properties, density, and Brinell hardness. In addi- 
tion, electrical resistivity, the ability to withstand hydraulic pressure, 
and the fluidity or running property when cast in a green-sand mold 
were determined. Special test specimens were required for measure- 
ments of the two latter properties. 


II. MATERIALS AND METHODS OF CASTING 


Virgin copper, tin, zinc, and lead similar in grade to those reported } 
in 1932 were used. By chemical analysis, the only significant impu- 
rities found in the metal of these grades were approximately 0.005 
percent of iron in the copper, 0.01 percent of iron in the zinc, 0.015 
percent of iron and 0.1 percent of bismuth in the lead, and 0.02 percent 
of iron in the tin. Small quantities of commercial antimony were used 
for additions of this element to the alloy. A copper-aluminum 
“hardener”, containing approximately 50 percent of aluminum, was 
prepared from virgin copper and notched-bar aluminum and was 
used for small additions of aluminum. 


1. MOLDING, MELTING, AND POURING 


Early in this investigation a “standard practice” of molding, melt- 
ing, and pouring was adopted. This consisted in the preparation of & 
stock material made from virgin metals melted in a high-frequency 


‘Figures in brackets indicate the literature references at the end of this paper. 
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‘duction furnace of the ‘‘lift-coil” type and cast into ingots. A por- 
ion of the stock (approximately 100 lb) was melted, as needed, under 
, “Purite’”’ (sodium carbonate) slag in a double-wall clay-graphite 
srucible. A double-wall crucible, with the interstices filled with 
shrome ore, Was used to avoid an excessive temperature drop during 
‘he casting of the test bars. Even when this special crucible was used, 
it was found that there was a temperature drop of the molten metal 
of 25° C during the pouring of the 12 molds at 1,230° C (2,250° F). 
The drop in temperature of the molten metal was less for lower 
pouring temperatures, being only 15° C at 1,065° C (1,950° F). 
Because of this cooling of the molten metal during the pouring of each 
st of specimens, the first bar in each group was poured at a tempera- 
sure of 10° C above the nominal pouring temperature. The mean 
pouring temperature for each group of bars, therefore, is a close 
approximation to the desired pouring temperature. 

‘The green-sand molds used were prepared from grade 00 Albany 
sand. A permeability number of 12 to 16 (AFA units), a compressive 
strength of 5 to 7 lb/in.?, and a moisture content of 6 to 7 percent were 
maintained throughout the preparation of all of the green-sand molds. 

Antimony additions were made without difficulty directly to the 
molten alloy through the Purite slag. However, considerable diffi- 
culty was encountered at first in retaining the desired amount of 
aluminum in the alloy. A method found satisfactory for retaining 
the desired amount of aluminum was as follows: The metal was 
melted under a Purite slag which was later removed and replaced by 
a cover of hot charcoal. The necessary amount of the copper- 
aluminum hardener was thrust through the charcoal into the molten 
metal, and the stirring action of the furnace insured a thoroughly 
niform distribution throughout the molten metal in the crucible. 
The melt was then brought to the desired maximum temperature 
56° C (190° F) above the pouring temperature), removed from the 
furnace, a to cool to the first pouring temperature, and poured 
into the molds. 


III. RESULTS AND DISCUSSION 


The tensile properties were determined with an Amsler universal 
testing machine of 50,000-lb. capacity, adjusted to give a rate of 
travel of the free crosshead of 0.1 1n./in./min. The test specimen used 
was 0.505 in. in diameter, with threaded ends and a 2-in. gage length. 
In most cases, the determinations of tensile strength of the duplicate 
bars agreed within 1,000 lb/in.? (about +3 percent), although there 
were a few larger variations. In such cases, the higher values were 
accepted as being more characteristic of the sound metal. 


1. TENSILE STRENGTH 


In figure 1 are shown the results obtained on the remelted alloy 
containing additions of aluminum in progressively increasing amounts. 
A definite but somewhat irregular decrease in tensile strength may be 
observed. A comparison of the data with the “minimum tensile 
strength expected for this alloy’ (27,000 lb./in.”), indicated by the 
broken line [3], shows that the addition of even 0.005 percent of 
aluminum (the amount now permitted in ASTM Specification B 30-36) 
adversely affected the alloy. The results in figure 2, however, indicate 
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that antimony did not have a very pronounced influence on ty 
tensile properties of this alloy. A comparison of the values obtaino 
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with the three types of test bars with the “ininimum tensile strength 
expected’’, indicated .by the broken line, shows that most of the bars 
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had a tensile strength well above this “minimum.” 
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2. YIELD STRENGTH 


Figures 1 and 2 show also the data obtained for yield strength of 
the alloy containing progressively increasing small additions of 
‘minum or of antimony. The method used was that outlined in the 
AST M Standards (1933) [4] for a permanent set of 0.1 percent. 


) test bars. 
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FIGURE 2.— 


According to figure™l, the influence of aluminum in thejsand-cast 
test bars was tofproduce a gradual reduction in yield strength, which 
became more pronounced as the pouring temperature was increased. 
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For the other types of test bars, however, the apparent effect on 
yield strength was by no means uniform. As shown in figure 
antimony, in the small amounts used, did not have a marked influ 
on the yield strength of the alloy. 


3. DUCTILITY 


The properties, elongation, and reduction of area, which may by 
considered as criteria of the ductility of an alley, will be considers 
together. In figure 3 are shown the effects of slintainum additions 0) 
both elongation “and reduction in area. The decrease in both proper 
ties was quite large, and, particularly for the sand-cast test bars, w, 
rather uniform as the aluminum content was increased. os the 
results obtained with the specimens containing antimony (fig. 4), how. 
ever, it cannot be said that antimony itself adv versely affects the. SC PIO) 
erties. The variations noted were inconsistent, and, for several tes: 
bars with the higher percentages of antimony, results superior 
those of the plain remelted alloy were obtained. 


4. BRINELL HARDNESS 


Brinell indentations were made on longitudinal parallel flat 
% in. in width, machined on the threaded portions of the brok: 
tension specimens. As recommended by the American Soc let} for 
Testing Materials, for testing nonferrous materials, a 500-k¢ load was 
ap yplied for 30 sec onds on a ball 10 mm in diameter. According to the 
results, shown in figure 5 for aluminum additions and in figure 6 {or 
antimony, it may be said that the indentation hardness of the allo 


was influenced to only a small degree by either added element. The 
addition of aluminum tended to lower slightly the hardness, but addi- 
tions of antimony did not result in a significant deviation from the 
hardness of the untreated alloy. 


5. ELECTRICAL RESISTIVITY 


Determinations of electrical resistivity were made on the machine 
specimens used subsequently for tension tests. These determinations 
were carried out in accordance with the procedure recommended bj 
the American Society for Testing Materials [5]. 

in figure 5 it is shown that the added aluminum greatly increased the 
resistivity of the alloy. For both the sand-cast and the no-side-chill 
test bars the resistivity increased progressively with the increase i 
aluminum content. 

In figure 6 the data show a definite increase in electrical resistivity 
with the corresponding addition of antimony. With the exception 0! 
the immersed-crucible bars cast at 1,230° C, maximum values were 
obtained with the addition of 0.15 percent of ‘antimony. 


6. DENSITY 


Density was determined on the ends of the broken tensile tes! 
specimens by the conventional method of displacement of water, anu 
the values are corrected to 20°C. The data on the influence of ae ( 
aluminum are summarized 1 in figure 7 and for antimony in figure § 
In figure 7 it is shown that the general trend is for a lowering 1 
density, which can be attributed to the aluminum present. The 
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no-side-chill bars cast at 1,065° C (1,950° F) and 1,150° C (2,100° F) 
are the only ones, however, where this decrease was uniform. In 
goure 8 the deviation from remelted alloy, due to the addition of anti- 
mony, was nominal for the bars cut from the chill ingot. The sand- 
cast bars poured at 1,230° C (2,250° F) showed 
the most pronounced irregular deviation. Ad- 
ditional determinations of density were made 
on stepped-bar castings poured from each heat 


‘that was cast into tensile bars. Figure 9 
' shows the dimensions of the stepped-bar cast- 


ings. In figures 10 and 11 are shown the 
density data obtained with this type of bar for 
alloys with added aluminum and antimony, 
respectively. The general effect of increasing 
the aluminum content was to decrease the 
density. The density also tended to decrease 
with reduction of the thickness of the stepped- 
bar casting, although this reduction is somewhat 
irregular. ‘There are some indications, too, of 
a decrease in density with an increase in pour- 
ing temperature, particularly for the specimens 
with 0.05 and 0.10 percent of aluminum. In 
general, the addition of antimony had very 
little effect on the density of the stepped-bar 
specimens. ‘There were fewer irregularities in 
the density determinations of the stepped-bars 
containing antimony than for the correspond- 














slight tendency for the density to decrease with 
reduction in thickness of casting of specimens 
poured at 1,065° C (1,950° F) and 1,150° C 
2,100° F), but this was not so evident with 
specimens cast at 1,230° C (2,250 °F). we; 


7. RUNNING QUALITIES 


The effect of aluminum and of antimony on 
the running quality of the alloy was studied by 
the — developed by Saeger and Krynit- ; 
sky [6], which consists essentially in casting in —,. “ 
agreen-sand mold a strip of small cross section i a " 
in the form of a spiral. According to the data 
summarized in figure 12, aluminum increased F1¢vRE 9.—Dimensions 
the running quality of the alloy. Likewise, Fe ange. 
the results presented in figure 13 show a marked increase in the run- 
ung quality of the alloy, which can be attributed to the presence of 
the antimony. For the specimens poured at temperatures of 1,065° 
CU (1,950° F) and 1,150° C (2,100° F), maximum values were obtained 
with an antimony content of 0.15 percent, but for the test specimens 
poured at 1,230° C (2,250° F) the best results corresponded to an 
antimony content of 0.10 percent. 


8. PRESSURE TESTING 


_ Since this alloy is widely used in the manufacture of pressure cast- 
ings, its tightness is a major factor. This was studied by hydraulic 
testing. A hydraulic pressure of 300 lb/in.? was applied to the inte- 
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Figure 10.—Effect of additions of aluminum on the density of stepped-bar castings of 
cast red brass (85-6-5-5). 
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Ficure 11.—Effect of additions of antimony on the density of stepped-bar castings of 
cast red brass (85-5-5-6). 
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rior of cylindrical castings. The water within the specimen ¢, 
tained a soluble blue dye, and the appearance of the blue colorati 
on the outer surface of the specimen under pressure constituted visi; 
evidence of a leak. If no leak was indicated when the pressure }j,, 
been maintained for 1 minute, the specimen was rated “‘satisf; actor) 
or “OR”’. 

Cylindrical specimens for these pressure tests were cast in eTOUNs 
of four, as indicated in figure 14. Two of the thin- wall castings ; 
each group were trimmed - to a length of 2 in., removing most of ; 
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Fiaure 12.—Effect of additions of aluminum on the fluidity of cast red brass 
(85-5-5-5). 


material from the gate-end, which might possibly be spongy. These 
specimens were tested hydraulically with the inner and outer surfaces 
in the “‘as cast”’ condition. The other two cylinders in each group, 
likewise trimmed to a length of 2 in., were machined both inside and 
out to a wall-thickness of % in., and tested in a similar manner. 5pec- 
imens in both the “‘cast-to-size”’ and ‘“machined- to-size”’ conditions 
were tested under a hydraulic pressure of 300 Ib/in.? Specimens 
which did not leak under 300 Ib/in.” pressure were subsequently tested 
under a pressure of 600 lb/in.? Results of these pressure tests are 
listed in tables 1 and 2. The tests at 300 lb/in.? are also shown graphi- 
cally in figure 15. These data show: < Key 

1. The “‘cast-to-size”’ specimens were superior to the ‘‘machined-to- 
size” specimens in resistance to hydraulic pressure. This indicates 
that an important part of the resistance to hydraulic — Is 
located in the skin of the casting and that the removal of the surface 
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Lin by machining decreases the capacity of the metal to withstand 
Sh < = 
hydraulic pressure. . 

“9 The best results were obtained with metal cast at the higher 
uring temperatures. . 

3 The presence of aluminum in the alloy increased the tendency 
for leaks or porosity, particularly when 0.05 percent or more of this 
element was present. . 

4. The presence of antimony decreased the porosity of red brass 
hut the effect was practically constant within the range of 0.10 to 0.25 
percent of antimony. — " 

' 5 For the test specimens containing aluminum, all of the ‘“‘cast-to- 


ov. 


ize’ specimens that withstood 300-lb/in.* pressure were also able to 
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FicurE 13.—Effect of additions of antimony on the fluidity of cast red brass 
(85-5-5-8). 


withstand 600-lb/in.? pressure. Only two of the six ‘machined-to- 
size” specimens that withstood 300-lb/in.? pressure passed the 
600-lb/in.? test. 

6. Most of the ‘‘cast-to-size’’ specimens containing antimony that 
withstood 300-lb/in.2 pressure were satisfactory under 600-b/in.? 
pressure, and one-half of the ‘‘machined-to-size” specimens tested in 
ike manner were satisfactory. 

In general, then, it may be seen that aluminum has a deleterious 
elect on the pressure tightness of the alloy but that antimony does 
| uot deleteriously affect this property. It was interesting to note that 
the leaks observed in the specimens that failed under test were not 
localized but were distributed over all portions of the surface of the 
test specimens. 
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FiGuRE 14.—A casting of specimens for hydraulic tests 
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Figure 15.—Effect of additions of aluminum or antimony on the ability of ‘“cast-l0- 
size’ and ‘‘machined-to-size’’ specimens of red brass to withstand hydraulic 
pressure. 
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Pressure tests of remelted ‘‘85-5-5-5” alloy, with addition of aluminum 


ose specimens that withstood a pressure of 300 lb/in.? were tested at 600-lb pressure.] 
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9. METALLOGRAPHIC EXAMINATION 


Specimens of the remelted alloy (85-5-5-5) with additions of alumj- 
num and of antimony, cast at 1,150° C (2,100° F), were examined +, 
ascertain the effect of the added element on the microstructure of the 
alloy. Micrographs in figure 16 show the typical appearance o/ 
specimens containing 0.0, 0.005, 0.025, 0.05, and 0.10 percent oj 
aluminum, respectively. There may be observed fine networks at the 
interdendrite boundaries of the specimens containing 0.025 to 0.1) 
percent of aluminum that were not seen in the untreated alloy or jy 
the specimen containing 0.005 percent of aluminum. These lines 
were visible on the polished surfaces previous to etching and cop. 
stitute a characteristic structural feature of the alloys containing the 
higher aluminum contents. Examination at a magnification of 
500, of both etched and unetched specimens, leads to the conclu. 
sion that this structural feature represents solid material, perhaps « 
film, at some Jf the dendritic boundaries and does not simply repre- 
sent shrinkage cracks in the material, although shrinkage may be 
involved to some extent. It could not be determined whether the 
film consisted of intermetallic compounds or nonmetallic material, 
Whatever the nature of these imperfections may be, their presence 
is associated with the inferior properties, that is, low ductility and 
high electrical resistivity of the test bars of higher aluminum content, 
and may be a factor in the increased leakage of these alloys under 
hydraulic pressure. 

In Figure 17 are shown micrographs of companion specimens of 
the alloy containing 0.0, 0.10, 0.15, 0.20, and 0.25 percent of anti- 
mony cast at 1,150° C (2,100° F). No unusual structural condition 
attributable to the presence of antimony is to observed. Evidently 
antimony in these amounts exists in solid solution in the copper- 
rich matrix. 

IV. SUMMARY 


The influence of pouring temperature, in this phase of the investi- 
gation, was subordinate to that of the added elements. 

Aluminum had a marked detrimental influence on most of the 
properties that were studied. The presence of this element lowered 
the tensile strength, the ductility and the Brinell hardness. It in- 
creased the electrical resistivity (i. e., lowered the electrical con- 
ductivity) and the porosity of the alloy. The only beneficial effect 
observed for additions of aluminum was an increase in the fluidity or 
running property of the alloy. 

Antimony, however, had little influence on the properties of the 
alloy other than a slight increase in the electrical resistivity and, to 
a somewhat greater degree, an increase of the running quality. Its 
effect on the other physical properties studied was not significant. 

The alloy containing the higher percentages of aluminum shows 
microstructural imperfections, herein called films, which are not 
visible in the aluminum-free alloy. It is probable that the low duc- 
tility, high electrical resistivity, and possibly the failure of the alloy 
to withstand hydrostatic pressure are associated with local concentra- 
tions of these films at the dendrite interstices. 

It was thought that possibly some direct correlations might be 
observed from the data obtained for the different properties studied. 
However, no correlation could be established between the electrical 
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FIGURE 16.—Jicrostructure of specimens. 


1 5-5-5; B, remelted metal plus 0.005 percent of Al; C, remelted metal plus 0.025 percent of Al; 
ed metal plus 0.05 percent of Al; /,remelted metal plus 0.10 percent of Al etched electrolytically 
t of ammonium persulphate, 100 
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FIGURE 17.— Microstructure of specimens, 


A, Remelted 85-5-5-5; B, remelted metal plus 0.10 percent of Sb; C, remelted metal plus 0.15 perc 
D, remelted metal plus 0.20 percent of Sb; &, remelted metal plus 0.25 percent of Sb etched 
lytically in 10 percent of ammonium persulphate, 100 
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resistivity and the physical properties studied, nor between the 
results of the pressure tests and the density determinations made 
ait ther on the ends of the tension spe cimen or on the various sections 
of the stepped-bar castings. This suggests particularly that density 
not a satisfactory indics ation of the ability of the material to with- 
and hydraulic pressure. It was found impossible to correlate the 
. here presented other than as indicative of a general trend. 
W1 hile it has been shown that aluminum has a deleterious effect on 
the alloy, the diminution of no physical or electrical property studied 
is — tional to, or regular for the progressively increasing amounts 
this element added. 
“The most important conclusions which the results of this investiga- 
tion warrant are: 
. The restriction on the presence of aluminum, in the present 
ASTM Specification B 30-36, is amply justified by the results obtained. 
The present data indicated that antimony up to 0.25 percent does 
not have a deleterious effect on this alloy. 
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RESOLVING POWER AND DISTORTION OF TYPICAL 
AIRPLANE-CAMERA LENSES 


By Francis E. Washer 


ABSTRACT 


lations are given of the resolving power and distortion of a number of 
lane-camera lenses of the type most commonly used in recent air-mapping 
DI rojects. Since the image plane of best average definition does not nec essarily 
coincide with the image plane yielding best definition on the axis of the lens, the 
method of selecting the image plane of best average definition and its use in connec- 
with the determination of the equivalent focal length are described. The 
ner of the variation of the resolving power across the field is characteristic 
the type of lens. 


CONTENTS 


I. Introduction 
II. Method of selection of the image plane of best av erage definition 
III. Resolving powers for typical airplane-camera lenses 
IV. Distortion for ty — airplane- -camera, lenses - 
VY. Conclusion... 4 


I. INTRODUCTION 


In 1927 a paper by A. H. Bennett! listed the distortion char- 
acteris ties of some typical photographic objectives. In the inter- 
vening 12 years the growth of air-mapping operations has been rapid. 
This growth, together with the desire to obtain negatives satisfac- 
torily free from distortion and including as great an area of the terrain 
as possible, has resulted in the construction of wide-angle photographic 
objectives of short focal length with distortion lower than that of 
lenses built 15 or 20 years ago. In order to combine the advantages 
of a convenient negative size and a wide angular field, the focal length 
of lenses employed in airplane-mapping cameras seldom exceeds 
210 mm. 

For several years it has been s requirement that all lenses used on 
Government mapping projects be tested by the National Bureau of 
Standards. This requirement, and the natural demand of the map 
makers for greater accuracy in their negatives, has resulted in the sub- 
mission of a very large number of lenses to the National Bureau of 
Standards for determination of focal length, distortion, and resolving 
power. To facilitate these measurements, a precise lens-testing 
camera has been developed. On the basis of these measurements, 
this paper presents a survey of the distortion and resolving-power 
characteristics of a number of airplane-camera lenses. Such a 
critical comparison and study of the data resulting from so large a 


J. Opt. Soc. Am. and Rev. Sci. Instr. 14, 235 (1927 
729 
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number of standardized tests are most useful, because they present 
definite quantitative data that can be used in the preparation of per. 
formance specifications for airplane-camera lenses and for makino 
an estimate of the accuracy possible for a given mapping process, — 

Only the lenses most commonly used in recent air-mapping projects 
are studied, thus limiting this survey to lenses of 210-mm focal lengt) 
and apertures of //4 and {/6.8. The lenses are considered in three 
groups corresponding to the product of three manufacturers, ty 
domestic and one foreign. This study has been limited to the products 
of three manufacturers, because sufficient recent data on other makes 
of 210-mm lenses are not available. The three types herein cop. 
sidered comprise more than 80 percent of the total number of 210-mm 
lenses tested at the National Bureau of Standards in the past 2 years 


II. METHOD OF SELECTION OF THE IMAGE PLANE oF 
BEST AVERAGE DEFINITION 


The lens-testing camera to which reference has been made, th, 
operating technique, and the method of deriving equivalent foca| 
length (Kk. F. L.) and distortion from the test negative have beep 
described in an article? by Gardner and Case. However, to insure 
clarity in this report, a brief survey of this equipment and procedur 
is given 

The lens-testing camera consists of seven collimators spaced at 
approximately 5° intervals, a lens holder, and a plateholder. The 
collimators serve to produce parallel light, so that a lens may be 
tested under conditions closely approximating those encountered in 
aerial photography. The angle between each pair of adjacent colli- 
mators is measured to five significant figures, with a probable error 
not in excess of +0.0010°, and no systematic error in excess thereof 
has been found. Each collimator carries a test chart so designed 
and mounted that the images on the test negative for a distortion-free 
lens will all be equal in size regardless of their angular separation from 
the axis of the lens. Each target contains a central vertical line 
which serves as a fiducial mark for the measurements made, in order 
to determine the equivalent focal length and distortion of a lens 
The lens under test is placed at the intersection point of the seven 
collimator axes, and is so adjusted that the axis of the first collimator 
coincides with that of the lens. Hence, the other six collimators mak 
angles with the axis of the lens of approximately 5°, 10°, 15°, 20°, 28°, 
and 30°, respectively. The plateholder is so constructed that it 
may be moved along the axis of the bench in equally spaced steps. 
The plateholder may also be moved in a plane at right angles to the 
plane of the collimators, so that 19 rows of images may be taken on 4 
single plate where each row shows the imagery in focal planes at 
successively increasing distances from the lens. The range of move- 
ment of the plateholder along the axis is so selected that the middle 
row of images corresponds to the best visual focus. After the test 
negative has been produced, a row is selected on the basis of best 
average photographic definition across the entire field. For this row, 
measurements are then made of the distances separating the central 
or fiducial line of each image from that of the axial image. The 
measured values of these distances are used for the determination 
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of equivalent focal length and distortion. Let @ be the distance from 
the 0° to the 5° image and 6 the distance from the 0° to the 10° 
image, then f=(fi+f2)+2, where f,=a cot 5° and f,=6 cot 10°. 
The measured distances from the axial image to the images at the 
other 5° intervals are used in computing the distortion of the lens. 

A consideration of the resolving power of the lens in different 
image planes is the basis for the selection on the test negative of the 
row that is used for the determination of focal length and distortion. 
To illustrate this and to give an idea of the definiteness with which 
a given row can be selected as superior to the others, a complete 
record of the resolving power, as read from a typical test negative, 
is given in schematic form in table 1. Under the headings “‘Tangen- 
tial” and ‘‘Radial’ is shown the behavior of the resolving power at 
5° intervals, expressed in lines per millimeter of the test negative, in 
image planes spaced 0.15 mm apart. The region studied with this 
step-by-step process extends from an image plane 1.2 mm nearer the 
lens to an Image plane 1.5 mm farther from the lens than the image 
plane selected for the determination of the equivalent focal length 
and which yields best average definition. The two values of the 
resolving power given for each image arise from two sets of patterns 
of parallel lines contained by the test chart. One pattern consists of 
lines perpendicular to a radius drawn from the center of the field, 
the other consists of lines parallel to the same radius. The tangential 
and radial resolving powers correspond, respectively, to resolving 
powers of the rays often referred to as meridional and sagittal, or 
to the primary and secondary rays, as designated by H. D. Taylor.® 
The lens with which this negative was made had a nominal focal 
length of 8 1/4 in. and was tested at maximum aperture, which was f/4. 


TABLE 1.—Resolving powers as read from a test negative for a typical f/4 lens 
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| Tangential resolving power in lines per Radial resolving power in lines per 
| millimeter millimeter 
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' 19 rows of images are taken on a single negative /n the test of a single lens. Row 1 is nearest to the lens. 
Readings are taken in image planes spaced 0.15 mm apart for a range of 2.70 mm through the region of best 
focus, | Tangential and radial resolving powers are tabulated separately for greater clarity. Row 9 shows the 
resolving power in that image plane adjudged to yield best average definition. 

TE 


+A System of Applied Optics, p. 115 (Macmillan and Co., Ltd., 1906). 
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Examination of table 1 shows that the resolving power starts low. 
rises to a maximum, and drops again as one moves into and out of 
focus. This behavior is found for both tangential and radial patterns 
foreachangle. The regions of maximum resolving power fo° the various 
angles do not all lie in the same image plane because of curvature of 
field. For this lens, curvature of field produces an axial difference of 
approximately 1 mm in the positions of best focus at 0° and 15° 
Moreover, the regions of maximum resolving power for tangential and 
radial patterns do not necessarily lie in the same plane for any given 
angle because of astigmatism. In this instance, astigmatism pro- 
duces an axial difference of approximately 0.1 mm in the positions of 
best tangential and radial resolving power at 0° and 15°. 

Figure 1 is a graph which 
shows the position of max- 
imum resolving power for 
tangential and radial im- 
agery every 5° from 0° to 
30°. The data for the 
graph were obtained from 
table 1. The zero ordi- 
nate is arbitrarily chosen 
as corresponding to row 9, 
which was the row used in 
determining the reported 
-15 + mr : is 

0 3 10 1S 20 E.F.L. The ordinates in 
DEGREES the graph are the number 

Ficure 1.—These curves show the variation of the of millimeters which the 
position of best imagery as measured along the photographic plate must 
axis of the lens. be moved toward or from 


The data are derived from the test negative shown in table 1. the lens, as measured from 
Curve A represents the position of best tangential imagery at the image plane of the Te- 


every 5° interval from 0° to 30°. Curve B shows the position of — ae 
best radial imagery at every 5° interval from 0° to 30°. Row 9in ported E.F. L., to get best 
two points on the tangential curve signify that at these snguir Tesolution at any specified 
separations from the axis the position of best tangential imagery angle. The points on the 
may lie outside the region traversed by the plate, = : a 
tangential curve for 25 
and 30° are qualified by arrows which signify that for these angles the 
image plane of best tangential definition may be outside the region 
traversed by the photographic plate during the test. It may be 
noted that these curves, as might be expected, closely resemble typical 
curves of primary and secondary curvature. The difference in the 
ordinates at each angle gives a measure of the astigmatism. 
i These considerations show that a compromise setting of the lens is 
necessary to obtain fair usable imagery across the entire negative. 
To attain this end, one must have some criterion to facilitate the 
selection of the best row on the test negative, and one must be sure 
that on repetition of the test one would arrive at sensibly the same 
value of E. FL. each time. This goal has been attained by the 
adoption of two criteria. First, rows are selected for which the resolv- 
ing power, for beth tangential and radial imagery and for all images 
in the rows selected, is, if possible, not less than 7 lines per milli- 
meter.‘ Second, from all rows which satisfy the first condition, a row 
is selected for which the resolving power on the axis is as high as possi- 





+0S 
: 











MILLIMETERS 
.o] 
a] 


' 
° 


























* The value, 7 lines per millimeter, herein used as the lower limit of acceptable resolving power was sug- 
gested from tentative values for minimum resolving power given on p. 19 and 20 of Standard Specifications 
(2d ed.) published by the American Society of Photogrammetry on July 22, 1936. 
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ble, and preferably not less than 15 lines per millimeter. Selection 
in this manner generally gives the best average definition across the 
entire field. In some cases, where the tests have shown that the 
resolving power of a given lens was very low, it has been necessary to 
drop the first condition below 7 lines per millimeter at 20° and 25° 
mm order to maintain the resolving power in the center of the field at 
15 lines per millimeter. However, when this is necessary, there can 
ba little doubt that such a lens is poor indeed and ought not to be 
used in aerial mapping. 

Using these two criteria in studying the test negative whose resolv- 
ing powers are tabulated in table 1, row 9 is selected. It may be 
noted that rows 5, 6, 7, 8, and 9 all satisfy the first condition; however, 
application of the second condition eliminates all except row 9. Row 
1) shows much better definition on the axis than row 9, but selection 
of row 10 would violate the first condition and would result in poor 
imagery at 20° and 25°. If row 8 had been selected, the second condi- 
tion would be violated and the central imagery would be inferior to 
the central imagery of row 9. 

The marked differences that exist between the regions of best focus 
as measured along the axis of the lens can easily give rise to differences 
in the measured values of E. F. L. of a lens, depending upon the 
manner in which the lens is focused in a camera. It is clear that if 
one depends on axial definition only in’setting the lens in a camera, 
then poor definition will result at the wider angles. Conversely, if 
too much emphasis is placed upon securing best imagery at the edge 
of the field or at some point midway between the edge and center of 
the field, then either the central portion or some intermediate zone 
will probably be poor; possibly poor definition will be present in both 
places at once (for example, in row 2 of table 1, good imagery at 20° 
is accompanied by very poor imagery at 0° and 5°, and by only fair 
imagery at 10° and 30°). However, if care is taken in adjusting the 
lens in an aerial camera so that useful imagery is present across the 
entire field, then it is probable that different workers using this same 
criterion would set the lens to within 0.10 mm of the same position 
each time, and for that position the corresponding E. F. L. would be 
that which is found by this best resolving-power method. This 
method of setting the lens can be used where it is not readily practi- 
cable to use the back focal length in mechanically setting the lens in 
the camera. The back focal length which is customarily given in 
the reports of the National Bureau of Standards is the distance from 
the back surface of the lens to the image plane of best average defi- 
nition. 


III. RESOLVING POWERS FOR TYPICAL AIRPLANE- 
CAMERA LENSES 


When selection is made of the image plane that yields the best aver- 
age resolving power and when the manner in which the resolution varies 
with angular separation from the axis is studied, it is found that the pat- 
tern of variation for a particular lens shows striking similarity to the 
patterns exhibited by other lenses of the same type, despite the differ- 
ences In workmanship which are unavoidably present and which do 
introduce considerable differences in the quality of lenses made accord- 
ing to the same specification. This pattern is a definite property of 
the lens and is best shown by the accompanying tables of tangential 
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and radial resolving powers. These tables are compiled from a sty, 
of many lenses, and the resolving powers therein are reported {¢ 
image planes both nearer to and farther from the lens than the imac; 
plane considered to have the best average resolving power. In on. 
set of tables, the behavior of 30 f/4 lenses of foreign manufacture js 
shown. In the other sets is shown the behavior of 10 f/4 and 20 f¢¢ 
lenses of domestic manufacture. = 

When these tables are considered, several factors are to be bore 
inmind. First, the test charts used are so designed that the numbe; 
of lines to the millimeter as recorded on the test negative form the 
approximately geometrical series 3.5, 5, 7, 10, 14, 20, 28, 40, and 59. 
Hence, these are the only values of resolving power which can appear 
on these test negatives. Second, the upper limit of 56 lines to the 
millimeter was selected as being certainly equal to if not greater thay 
the limit of resolution of the emulsions commonly used in airplane. 
camera films; the theoretical resolving power of these lenses is much 
greater than 56 lines per millimeter. Third, the value reported for 
any image means that not only is that particular pattern clearly 
resolved but that all coarser patterns are also clearly resolved; this 
precaution is necessary to rule out false values of the resolving power, 
It frequently happens that a fine pattern may appear resolved when 
coarser patterns in the same image are unresolved. Careful inspec. 
tion of the fine patterns resolved in these cases reveals that the number 
of lines present in the pattern on the negative do not agree with the 
number appearing in the original on the test chart. No thorough 
analysis of the causes of this phenomenon has yet been made, but 
preliminary work along these lines indicates that this false resolving 
power may arise from diffraction effects or the character of the chro- 
matic aberration. Finally, these tests are made with a yellow filter 
(K-3) over the test charts, so that the test conditions are comparable 
with the conditions that the lens encounters in practice, and the 
resolving powers obtained under these conditions are not as great 
as would be obtained with monochromatic light. 

Table 2 lists the resolving powers for tangential and raJial imagery 
at 5° intervals from 0° to 30° for 10 f/4 lenses of domestic manufacture. 
This is a three-part table and shows the resolving power in three image 
planes lying at different distances from the lens. Table 2 (a) shows 
the resolving power in an image plane 0.5 mm farther from the lens 
than the image plane of best average definition. Table 2 (6) shows 
the resolving power in the image plane that is adjudged to give best 
average definition and which is used in determining the reported 
equivalent focal length. Table 2 (c) shows the resolving power in 
an image plane 0.5 mm nearer to the lens than the image plane of 
best average definition. Cursory examination of this table shows 
a striking consistency, from lens to lens, of the manner in which the 
resolving power for a particular image plane varies across the field. 

To make this consistency quantitatively discernible, a series of 
occurrence tables have been prepared. These occurrence tables list 
for each angular separation from the axis the number of occurrences 
of each of the series of definite values of the resolving power in lines 
per millimeter and give a complete, concise picture of the behavior 
of the 10 lenses as a group. Occurrence tables for these 10 lenses 
have been formed for each of the three image planes studied and are 
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assembled in table 3. This table makes possible comparison of the 

anner in which ae ing power varies across the entire image plane 
for tangential and radial imagery. The table also permits ready 
comparison of resolving powers in the three image planes of images 
lying at equal angular. separations from the axis of the lens but at 
different distances from the lens. In table 4 are tabulated the average 
re solving power for each image plane for each angular separation 
from the axis for both tangential and radial imagery. These averages 
are derived from table 3 and cover the 10 lenses. These aver: ive re- 
solving powers are those which one might reasonably expect to get 
from any lens of this type. 


TABLE 2.—Resolving powers of 10 f/4 lenses of domestic viaeindeaninin 





Tangential resolving power in lines per 
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In figure 2, the data from table 4 are graphed to give a clear picture 
of these characteristics. Although curve B, which is the curve of 
ig definition for both tangential and radial imagery, does not always 
lie above curves A and C, which show the definition ‘at the other two 
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image distances, there can be little doubt that this image plane js t) 
be preferred. When tangential definition is considered, curve B )jes 
above curve A at all points save on the axis, where A has a negligi}), 
advantage. Curve B lies below curve C from 15° to 30°, inclusive 
but the advantage which C has over B for this region is nullified }y 
virtue of the large differences in favor of B for the region 0° to 10° jy. 
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1) 10 IS 20 25 30 
ANGULAR SEPARATION FROM AXIS iN DEGREES 
FiGURE 2.—Graphs showing the tangential and radial resolving powers for 10 {4 
lenses of domestic manufacture. 


A, image plane 0.5 mm farther from the lens than the plane of best average definition; B, image plane of 


" 


best average definition; C, image plane 0.5 mm nearer to the lens than the plane of best average definition. 


clusive. For radial imagery, curve B is above curve A at all points 
save at 30°, and here one finds good imagery for both image planes, 
so that the advantage which B holds for this separation from the axis 
is nullified by its inferior definition at all other points. Curve (1s 
superior to A at 15°, 20°, and 25°, but is very inferior at 0°, 5°, and 
30° and somewhat so at 10°. 
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Occurrence tables showing the distribution of maximal values of the 


resolving power for three image planes 


Jistribution of maximal values of the resolving power for the 10 f/4 lenses of domestic 
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(b) Image plane of best average definition 
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Average resolving powers for the 10 f/4 lenses of domestic manufacture 


Tangentia) resolving power in lines per 


millimeter. 


Angular distance from axis. 


Radial resolving power in lines per 
millimeter. 


Angular distance from axis. 





5° | 10° | 15° 


20° 25° 30 


37 24/ 8 


44 24 | 
28 | 44 | 
| 


16 || 
| | 


46 | 
| 


1), Image plane 0.5 mm farther from the lens than the image plane of best average definition. 


5), Image plane of best average definition. 


c), lmmage plane 0.5 mm nearer to the lens than the image plane of best average definition. 


Table 5 lists the resolving powers at 5° intervals in the image plane 
of best average definition for 30 f/4 lenses of foreign manufacture. 
In table 6 are grouped occurrence tables for three image planes that 


lie at different distances from the lens. 
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Table 7 lists the average 
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resolving power for each angular separation from the axis for each 
image plane for both tangential and radial imagery. 


In figure 3 the data from table 7 are graphed to present a clear 


picture of these characteristics. In these graphs of both tangentis 
and radial resolving power, it is evident that with one exception the 
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FiGURE 3.—Graphs showing the tangential and radial resolving powers for 30 {); 
lenses of foreign manufacture. 


A, image plane 0.5 mm farther from the lens than the plane of best average definition. B, image plane of 
best average definition. C, image plane 0.5 mm nearer to the lens than the plane of best average defi 
tion. 


curve B, which corresponds to the image plane of best average resolv- 
ing power, lies between the curves for the other two image planes. 
This exception is at 10°, where the value of the resolving power of 
curve B is by a considerable margin the highest of the three. The 
graph shows that if the image plane nearest to the lens were selected 
the resolving power beyond 15° would greatly improve. However, 
the values from 0° to 10° would drop so melily as to render the ad- 
vantage very doubtful. In a similar manner, if the image plane 
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farthest from the lens were selected, the resolving power at 0° and 5° 
would improve, while from 15° to 30° there would be a definite reduc- 
tion. In particular, the radial values at 20° and 25° would fall below 
seven lines to the millimeter. 


Resolving power of 30 f/4 lenses of foreign manufacture in the image 
plane of best average resolving power 
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TaBLE 6.—Occurrence tables showing the distribution of maxim values of the resolv- 
ing power for three image planes 





Distribution of maximal values of the resolving power for the 30 f/4 lenses of foreign 
manufacture 
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TABLE 6.—Occurrence tables showing the distribution of maximal values of th, 
ing power for three image planes—Continued 


resoly. 





Distribution of maximal values of the resolving power for the 30 f/4 lenses of foraigy 
manufacture 
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(6) Image plane of best average definition 


(c) Image plane 0.5 m.n nearer to the lens than the image plane of best average definition 


TABLE 7.—Average resolving powers for the 30 f/4 lenses of foreign manufacture 
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(a) Image plane 0.5 mm farther from the lens than image plane of best average definition. 
(6) Image plane of best average definition. oy 
(c) Image plane 0.5 mm nearer to the lens than the image plane of best average definition. 


Table 8 lists the resolving power at 5° intervals in the image plane 
of best average definition for 20 f/6.8 lenses of domestic manufacture. 
Occurrence tables that give studies of the values of the resolving 
powers in image planes at different distances from the lens are shown 
in table 9. Values for an image plane 1.0 mm farther from the lens 
than the plane of best average definition have been considered ad- 
missible for the f/6.8 lenses, because their depth of focus is greater 
than that of the f/4 lenses. The limited range covered by the test 
negatives that were used in this study precluded the showing of 
analogous data for an image plane 1.0 mm nearer to the lens than 
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she plane of best average definition. It is evident, however, that 
if nost of the values for this condition would be lower than the values 
io ported at 0. 5 mm nearer to the lens than the plane of best average 
nition. This has been corroborated to some extent by inspection 
vatives for two similar lenses where the range traversed by the 
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ANGULAR SEPARATION FROM AXIS IN DEGREES 
figurE 4.—Graphs showing the tangential and radial resolving powers for 20 f/6.8 
lenses of domestic manufacture. 


ge plane 1.0 mm farther from the lens than the plane of best average definition. 3B, image plane 0.5 
farther from the lens than the plane of best average definition. C, image plane of best average 
D, image plane 0.5 mm nearer to the lens than the plane of best average definition. 


test plate permitted a study at 1.0 mm nearer to the lens. A com- 
pilation of the average resolving power for each angular separation 
from the axis of the lens and for each image plane is given in table 10. 
Curves giving a graphical picture of the resolving powers in the four 
mage planes are shown in figure 4. 
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TABLE 8.—Resolving power of 20 f/6.8 lenses of domestic manufacture in the iy 
plane of best average resolving power 
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TABLE 9.—Occurrence tables showing the distribution of maximal values of the 
resolving power for four image planes 





Distribution of maximal values of the resolving powers for the 20 f/6.8 lenses of domest 
manufacture 
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(a) Image plane 1.0 mm farther from the lens than image plane of best average definition 
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9—Occurrence tables showing the distribution of maximal values of the 
re inaieitind power for four image planes—Continued 





Distribution of maximal values of the resolving powers for the 20 f/6.8 lenses of domestic 


manufacture 
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mage plane 1.0 mm farther from the lens than the image plane of best average definition. 
nage plane 0.5 mm farther from the lens than the image plane of best average definition. 
€ 


la: ine of best average definition. 
» plane 0.5 inm nearer to the jens than the image plane of best average definition. 
a of the values of the resolving powers, shown in table 
, indicates that they are generally higher than the corresponding 
‘alues for the /4 lenses. As a result, ‘it is possible to secure good 
imagery over a fairly wide range. The selection of the i image plane 
of best definition is here done with the aid of contours drawn on 
a test negative. Each image on the test negative is labeled with 
he lower of the two maximum values of the resolving power present 
beeen that is, tangential and radial. Lines are then drawn on the 
negative to enclose “the regions of equal resolving power across the 
test negative in a manner closely analogous to the contour lines 
drawn on a map to show the regions of equal elevation. A row is 
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then selected which gives the best average definition across the eyt;, 
negative. Consideration of figure 4 shows that this method hy. 
given fairly consistent results. It is clear that the curve showjy, 
the resolving power for the image plane adjudged to yield hos 
average definition is more often above than below the curves for ¢), 
other image planes reported. For tangential definition it js beloe 
only at 10°. For radial definition the case is not quite so clear jy 
this respect, but the curve is more uniform than the others. Tj, 
definition in the selected image plane is definitely superior to thy 
definition in the image planes 1.0 mm and 0.5 mm farther from th 
lens except at 30°. In four of seven instances, the selected jmaop 
plane for radial imagery gives better resolution than the image plang 
0.5 mm nearer to the lens, and is markedly superior in three of thes 
four instances. For the three instances where the resolving power 
in the selected image plane is lower than that in the image plane 
0.5 mm nearer to the lens, the disparity is small. . 


IV. DISTORTION FOR TYPICAL AIRPLANE-CAMERA 
LENSES 


A prime requirement of a lens that is to be used in producing 
negatives suitable for measurement in air-map work is low distortioy 
Distortion, as herein used, is the linear displacement of an imaged 
point from the point where it would have been imaged if the lens were 
perfectly orthoscopic. This displacement is measured in the image 
plane along a radius drawn from the intersection point of lens axis 
and image plane. To obtain the value of the distortion at a given 
angular separation from the axis, it is necessary to measure the dis- 
tance from the point where the axis cuts the image plane to the image 
of a point which, in the object space, is at the given angular separation 
from the axis. Let this distance be L. Then, L—f tan 6=J), yields 
the distortion, D, where f is the equivalent focal length corresponding 
to the image plane in which the measurements are made, and @ is the 
given angular separation from the axis. If D is positive, the dis- 
placement is away from the center of the field. 

This section is devoted to a review of the values of the distortion 
of some of the lenses whose resolving powers are surveyed in section 
III. Comparison of the values herein reported with those contained 
in a publication > by A. H. Bennett shows that marked reduction o! 
distortion has been made in the past 10 years by the lens manufac- 
turers. In these tabulations of distortion, no attempt is made to 
strike an average. To do so would tend to confuse matters and to 
imply that lower values of the distortion than those herein reported 
are readily possible. If comparisons of the distortions of different 
lenses are made, the differences in distortion are likely to be as great 
between two lenses of the same make as would be the case between 
two lenses of different makes. 

No tabulations are given to show the variation of distortion In 
image planes at differing distances from the lens. The range through 
which the test plate travels in recording usable imagery is so small in 
comparison to the focal length that changes in distortion with dis- 
tance from the lens for the region studied are negligible. 


5J. Opt. Soc. Am. and Rev. Sci. Instr. 14, 235 (1927). 





Characteristics of Airplane-Camera Lenses 


The present goal is that distortion should not exceed +0.10 mm at 
; any point in the field. This value is to be regarded as the upper limit 
af distortion when the computations of distortion are based upon the 
naraxial or equivalent focal length. When the lens, mounted in an 
airplane camera In the position where it is to be used in practice, is 
‘sted, it is possible to obtain lower values of the distortion by referring 
+ +9 the calibrated focal length. This calibrated focal length is 
abtained by modifying the equivalent focal length in such a manner 
‘hat the errors arising from distortion are minimized and distributed 
approximately uniformly over the entire field. Hence, in precision 
cameras, the requirement is that the distortion must not exceed 
9.025 mm.® In the tables that follow, the values of the distortion 
F ore based upon the equivalent focal length, and the performance of the 
lens is to be judged with reference to the +0.10 mm requirement. 

Table 11 gives the distortion at 5° intervals from 5° to 30° for the 
i) {4 domestic lenses whose resolving powers are shown in table 2. 
inspection of this table shows that none of these 10 lenses has dis- 
tortion in excess of £0.10 mm at 30°, and all are well within this limit 
for the lesser angles. The second column gives the values of the 
equivalent focal lengths which vere used in determining the distortion. 

‘Table 12 surveys the distoicion at 5° intervals from 5° to 30° for 
95 {/4 lenses of foreign manufacture; these are some of the same 
lenses whose resolving powers are reported in table 5. The equivalent 
focal length for each lens is given in column 2. Examination of this 
table shows that all 25 lenses have distortion within the limit of 
+0.10 mm for all angular separations from the axis out to and in- 
cluding 20°. At 25°, lens 11 is outside the requirement with a 
distortion of —0.14 mm, and at 30°, 14 of the 25 lenses show dis- 
tortion in excess of +0.10 mm. 

Table 13 shows the distortion at 5° intervals from 5° to 30° for 
15 of the 20 7/6.8 lenses of domestic manufacture whose resolving 
powers are reported in table 8. The second column gives the equiva- 
lent focal length for each lens. All of the values of the distortion for 
each angle are well within the :2quirements of +0.10 mm. 


TABLE 11.—Dzistortion of 10 {/4 lenses of domestic manufacture 


Angular distance from the axis 


number | 
§° | 10° | 15° | 20° | 25 | 30° 
| 


mm mm | mm mm mm mm mm 

210. 02 0.00 | —0. 01 —6. 01 —). 02 —0. 01 0. 00 
211. 06 . 00 00 . 00 . 00 +-, 02 +- 07 
210. 52 . 00 —.01 —.02 —. 02 —.02 + (1 
211. 33 . 00 . 00 00 +. 02 +. 03 +. 02 
210. 09 . 00 .00 +. 01 +. 02 +. 04 +. 08 


210. 13 . 00 . 00 +. 01 +. 02 -. 05 +. 10 
210. 77 . 00 . 00 . 00 . 00 -. 01 +-. 02 
210. 29 . 00 . 00 —. 01 —. 02 01 +. 02 
210. 29 . 00 .00 00 . 00 .O1 | +. 02 
211.15 . 00 . 00 +.01 +. 02 +. 03 | +-. 06 
| 
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TABLE 12.—Distortion of 25 f/4 lenses of foreign manufacture 





| ° 

Angular distance from the axis 

Lens number | E.F. L. — 
| k 10° | 15° 20° 








mm mm | mm | mm | 
0.00} 06.00; 0.02} —0.03 | 
.00 | 00 - 00 | . 00 | 
- 00 . 00 . 00 +. 02 | 
00 . 00 +. 01 +. 02 
210. 92 - 00 | - 00 . 00 +.01 | 


211. 56 . 00 . 00 . 00 =r) ee 

211. 26 | . 00 . 00 . 00 +. QO] | 

209.18 | .00 .00 +. 01 + (2 | 

209. 46 | . 00 | . 00 . 00 ee 

210. 58 | 00 | - 00 —. 02 —.02 
| 


. 00 } —. 01 —,02 —.06 | 
210. 51 . 00 . 00 .01 —,()2 | 
210. 61 . 00 .00 ~. 02 05 
210. 22 .00 | . 00 .02 | 
210. 61 - 00 | 00 | —.02 
210. 56 - 00 | —.01 . 02 
210. 77 -00 | —.01 . 02 
210. 94 | 00 | . 00 01 
210. 21 | . 00 | —.01 -. 02 
210. 48 . 00 | —.01 —. 02 


210. 61 . 00 —. 01 -. 02 
208. 73 | . 00 .00 . 02 
207. 96 . 00 —. O01 —. 03 
208. 56 . 00 —. 01 —. 03 


210.77 | .00 .00 == 08 


TaBLE 13.—Distortion of 15 f/6.8 lenses of domestic mar 





} | Angular distance from the : 
Lens number | E. F. L. |-————— . 4 
| 5° } ? | 15° } 20° 





mm mm j} mm mm 

208. 70 0. 00 0.00 | —0. 01 
209. 33 . 00 . 00 . 00 
210. 00 .00 .00 .00 
210. 05 . 00 | . 00 . 00 
209. 98 - 00 | . 00 | . 00 


| 
| 
| 
| 
| 
| 


209. 73 ‘ ‘ | . 00 
| 209. 69 -00 | 00 | . 00 
209. 73 . 00 | 00 | . 00 
209. 77 g | ; . 00 
209. 76 00 | : 01 


209. 77 . é 01 | 
209. 56 . | . 01 
209. 66 00 | ; 01 
209. 75 . 00 | ; . 00 
210. 01 . 00 | ‘ . 00 








V. 

Only lenses tested since January 1937 have been considered in this 
study. Each group represents a random sample of the lenses of 
given make that were submitted for test. The present requirements 
for an airplane-camera objective having a focal length of 210 mm ani 
covering a 7- by 9-inch film are that the distortion referred to tli 
paraxial or equivalent focal length shall not exceed +0.10 mm at 
30° from the axis, and that the resolving power in any orientation 
shall not fall below seven lines to the millimeter throughout th 
region from 0° to 30° as measured from the axis of the lens. On thi 
basis of the tables contained in this paper, it is clear that the domesti 
lenses whose test records here appear satisfactorily meet the require: 
ments for use on air-mapping projects. 


Wasuineton, November 18, 1938. 
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EDGE CORRECTION IN THE DETERMINATION OF 
DIELECTRIC CONSTANT 


By Arnold H. Scott and Harvey L. Curtis 


ABSTRACT 


An edge correction is often required in determining the dielectric constant of an 
insulating material by the capacitance method. Theoretical formulas by which 
the edge correction may be computed have been considered for a number of 
electrode arrangements. Some of these apply to circular electrodes and some to 
rectangular electrodes. The error in the dielectric constant which may arise from 
the use of these formulas is discussed for each of the different arrangements. 

The accuracies of the methods were experimentally determined by making 

.asurements on the same specimens with the various arrangements of electrodes. 
The guard-ring arrangement was assumed to give the correct value of the dielectric 
constant, and the values obtained with the other arrangements were compared 
with it to determine their errors. Only two methods gave values which were in 
error by less than 1 percent. Both methods were for arrangements of electrodes 
in which one electrode was smaller than the other, one being for circular electrodes, 
the other for rectangular electrodes. 

Empirical equations were set up which gave values of the dielectric constant 
which were in error by less than 1 percent for all electrode arrangements, both for 

reular and rectangular electrodes. ‘These equations are much simpler than the 

eoretical equations. 
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PART |. THEORETICAL DETERMINATION OF EDGE CORRECTION 
I. INTRODUCTION 


An edge correction is usually required in those capacitance methods 
of determining dielectric constant that employ only two electrodes 
This necessity arises from the difficulty of making the experiment! 
conditions of a method conform to the requirements implied in the 
definition of dielectric constant. The dielectric constant of a material 
is defined as the ratio of the capacitance of a capacitor having the 
material as a dielectric to the capacitance of another capacitor which 
has an identical arrangement of electrodes, but has a vacuum as the 
dielectric. This may conveniently be represented by the equatio 


K=6 
v 
where 
K=the dielectric constant of the material, 
C,=the capacitance of a capacitor, with the material as its 
dielectric, and 
C,=the capacitance of a capacitor having an identical arrange- 
ment of electrodes as for C,, but having a vacuum ! as its 
dielectric. 
This definition assumes that, for each capacitor, the dielectric com- 
pletely fills the electric field ‘surrounding the electrodes. When the 
dielectric does not completely fill the electric field, there must be 
applied to C, a correction which is commonly called the edge cor- 
rection. 


1 Except for measurements of high precision, air, having a dielectric constant of 1.00059 under n 
ditions, may be used instead of a vacuum. 
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The principal application of the edge correction is in determining 
the dielectric constant of solids in the form of sheets. A capacitor is 
| onstructed from a sheet of the material by placing an electrode on 
Poach side. The capacitance of this capacitor is measured, and the 
acitance of a capacitor which is identical, except that it has vacuum 
as a dielectric, is computed. The edge correction is introduced to 
correct the measured capacitance for the reason that the dielectric 
inder investigation does not completely fill the electric field surround- 
ing the electrodes, and to give an accurate formula for determining the 
computed capacitance. To avoid the necessity of applying an edge 
correction, a capacitor having a guard electrode is often employed. 
In many cases, however, the use of a guard electrode is not feasible, 
so that a method involving an edge correction is necessary. 

‘Six different arrangements of circular electrodes, besides the one 
sing a guard electrode, are considered. Three of these and the guard- 
electrode arrangement apply to a single sheet of material with electrodes 
on opposite sides. Three other arrangements apply to a pair of sheets 
with one electrode between them and with their outer electrodes 
joined to form a single electrode. Five arrangements of rectangular 
electrodes are discussed. Three of these and the guard-electrode 
arrangement apply to a single sheet of material. Only one arrange- 
ment, using two sheets of material, has been investigated for rectangu- 
lar elect rodes. 


II. THEORY OF EDGE CORRECTION WITH A SINGLE 
SHEET OF DIELECTRIC 


A sheet of dielectric material is prepared for the determination of its 
dielectric constant by placing electrodes on its two opposite faces. 
The electrode may completely cover the two faces of the sheet, or one 
or both electrodes may be smaller 
than the sheet. Each such arrange- 
ment constitutes a capacitor, the ca- 
pacitance of which can be measured 
by comparison with a standard ca- 
pacitor or by some other suitable 
method. However, the measured 
capacitance may include the capaci- _ . 
tance between one or both electrodes FIGURE !-— Diagram showing the effect 

: ; ; on the measured capacitance of chang- 
and the earth. The contribution ing the point at which the ground con- 
of this earth capacitance depends __ nection is made. 
on the connection to earth of the 
measuring circuit. Even with one electrode at earth potential, a 
change in the connection to earth may change the measured capaci- 
tance. This is illustrated by the diagram of figure 1, in which it is 
indicated that an ungrounded alternating potential is impressed on the 
plates of a capacitor, and the current in the circuit is measured by 
theammeter, A. If the alternating potential has a definite value and 
frequency, the capacitance is proportional to the reading of the am- 
meter, A. If the ammeter has a negligible impedance relative to that 
of the capacitor, the lower plate of the capacitor will be at earth poten- 
tial when the earth connection is made on either side of the ammeter. 
If the connection is below the ammeter (z connected to z), the measured 
current 1s that through C only, while if the connection is above the 
ammeter (z connected to y), the measured current is that through both 


cat 
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C and C,*(capacitance to earth). The following discussion refers 
those cases in which C only is measured. If the measuring circuit js g 
arranged that C, is included in the measurement, then the followin 
equations will have to be modified to include C,, the value of whic) 
will depend on the proximity of surrounding objects and will have }, 
be determined for each setup. 

Although the experimental arrangement is assumed to be such tho; 
only the capacitance between the electrodes is measured, yet the 
theoretical discussion yjli 
be simplified by considerine 
the system as two conduct. 
ing plates situated near the 
center of a conducting 
sphere of infinite radiys 
If the plates are circy 
disks that are coaxial, ani 
if the sphere is evacuated 
Plate | all the coefficients of capaci- 

tance can be computed from 
Ge the dimensions of the disks 


Plate 2 and the distance between 
them. If the plates are 
yy, rectangles, no formula is 


available for computing the 

capacitance to earth. 
The arrangement of elec- 
trodes inside of a sphere is 
shown diagrammatically i: 
figure 2. The mutual capac- 
FiauRE 2.—Diagram illustrating the coefficient of itance between plates 1 and 
capacitance of two parallel plates surrounded 2 is designated as (Cn. 
by an infinite sphere. . a 
whereas the capacitances 
between the plates and th 
infinite sphere are designated as C,; and C2. It is convenient t 
consider C; as made up of two parts, C, and C,. The normal capac- 
itance, C,, is the value that C,. would have if the electricity were 
uniformly distributed over the inner surfaces of the electrodes, and 
if the lines of electrostatic intensity were all straight lines extending 
directly from one electrode to the other. The edge capacitance, C,, 
is the correction that must be added to C, to give Cy. Values of C, 
and C, can be computed for circular electrodes and C, and (C,+C 
for rectangular electrodes. In practical measurements one electrode 
(plate 2) is usually at earth potential, so that C, becomes zero and (;, 

becomes the earth capacitance, C,,. 
1. EDGE CORRECTION FOR CIRCULAR ELECTRODES 


The formulas for computing the capacitances for C, and C, for 
circular electrodes ? of the same size are 
1.113 D2 
a - unl, 


1.113 D 8xD 
a [me 








—3+ :| nul, 


* G. Kirchhoff, On the Theory of Condensers, Monatsber. Akad. Wiss. Berlin (March 1877). p. 144; also 
Collected Works, p. 101 (Barth, Leipzig, 1882). A more recent paper is by J. W. Nicholson, Phil. Trans. 
224A, 303 (1924), but his formula contains unsolved integrals. 
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where 


D=diameter of each electrode in centimeters, 
b=distance between the inner faces of the electrodes in centi- 
meters, 

t=thickness of each electrode in centimeters, and 
2=f(z)=(1+2) In (1+2)—z ln z (4) 
r=t/b, and 

In=a natural logarithm (2.303 times the common logarithm). 
Values of z for any given value of x can be obtained from the curve of 


figure 3. 
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Figure 3.—Values of a function used in computing the edge capacitance. 


Equation 3 was tested experimentally, as described in part 2, and 
was found to be correct within experiinental error. This equation 
was used with four arrangements of electrodes. 

(2) THEORETICAL FORMULA WHEN A CIRCULAR SHEET OF DIELECTRIC HAS ELEC- 
TRODES OF THE SAME DIAMETER AS THE SHEET 

A capacitor consisting of a circular sheet of dielectric with electrodes 
completely covering both surfaces, as shown in cross section in figure 
1(a), has a capacitance, C, when measured,’ as previously described, 


* Bold-faced symbols will be used to indicate measured capacitance. 
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J i) 


with one electrode at earth potential, which is related to the com. 
puted capacitance by the equation - 
C=KC,+C,, approximately. 
Hence 
anf. P 
— approximately, 
/n 


where C,, and C, are obtained from eq 2 and 3, respectively. 
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FIGURE 4.—Arrangement of circular electrodes on a single sheet of dielectric 


In this arrangement of electrodes, the edge capacitance is probably 
not exactly equal to C,, because the configuration of the electric field 
at the edge is slightly different when the dielectric is between the 
electrodes from that when a single dielectric fills the field. The experi- 
mental determinations of part 2 (table 2) show that this method may 
yield values in error by as much as 1.1 percent. 


(b) THEORETICAL FORMULA WHEN A SHEET OF DIELECTRIC HAS ONE LARGE 
ELECTROD& AND ONE SMALL CIRCULAR ELECTRODE 


A capacitor consisting of a sheet of dielectric between a large elec- 
trode which nearly or completely covers one face, and a small circular 
electrode near the center of the opposite face, as shown i in cross section 
in figure 4(b), has a capacitance, C, when ‘measured in the manner 
already described with the large electrode at earth potential, which is 
related to the computed capacitances by the equation 


C=K(C,+C,’), approximately. 


In deriving this equation, it was assumed that the large electrode 
was of infinite extent. In practice it was found sufficient if the large 
electrode extended beyond the small one by a distance equal to three 
times the thickness of the dielectric. From eq 7 


K= a ;) approximately, 


C+ 
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here C, is obtained from eq 2, and C,’ is twice the value of the edge 
spacitance in air of an equal elec trode capacitor in which the elec- 
rodes have the same diameter as the smaller electrode, and the dis- 
nee between the electrodes is twice the thickness of the dielectric 
the actual capacitor or 


C,' =1.1137] In’ 4xD —3+2 "| wal, (9) 


diameter of the smaller electrode in centimeters, 
me — of the - lectric in centimeters, and 

, (see eq 4 or fig. 3) 

t iy 


C/ ms 


thickness of smaller electrode in centimeters. 


In the above arrangement of electrodes, KC,’ is too large, because 
me of the lines of electric intensity at the edge pass partly through 

Hence, the value of K obtained by this method will be smaller 
han the true value. The experimental results of part 2 (table 2) 
ow that this method may be in error by as much as 6 percent. 

This method can be made to give more accurate values if thin 
ctrodes are oad, by placing on the outside of the small electrode 
sheet of dielectric of the same material as is between the electrodes. 
\lthough no experimental measurements have been made to prove 

the error of this method can, in this way, probably be made less 
han 1 percent. 


l 


THEORETICAL FORMULA WHEN A SHEET OF DIELECTRIC EXTENDS BEYOND 
THE CIRCUMFERENCES OF THE ELECTRODES 


A capacitor which consists of a relatively large sheet of dielectric 
between two equal circular electrodes that have their one aren tly 
pposite each other, as shown in cross section in figure 4 , has a 

sured capacitance, C, which is related to the tt gy capaci- 
tances by the equation 


C=K(C,+C,), approximately. (10) 
Hence 


pa C " =. } 
K= OC) 8PPt oximately, (11) 


le 


where OC, and C, are obtained from eq 2 and 3, respectively. 

This method gives a value of AK that is too small, because the 
electric field beyond the edges of the electrodes was not all in the 
solid dielectric. The experimental determinations of part 2 (table 2) 
show that this method may be in error by as much as 7 percent. 

It is possible to make this method more accurate by placing the 
dielectric material in more of the electric field. If thin electrodes 

ich as tinfoil electrodes, are used, this can be done by placing sh ~— 
of the dielectric material on the outside of the elec trod ies as well : 
between them. The experimental results of part 2 (table 1 : aes 
that if sheets of the same dielectric material are place d on the nae 
of the electrodes as is between them, this method will give results in 
error by less than 1 percent. 

146065—39——-9 
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(4) ELIMINATION OF ‘l EDGE CORRECTION FOR CIRCULAR ELECTRODES py 
“} A GUARD ELECTRODE ‘ 


When a capacitor consi. ‘* @ sheet of dielectric between a | 


arge 


electrode and a small circular ex. “ode with a guard electrode ey». 
rounding it, as shown in cross section in figure 4 4 (d), the edge correctio, 
is eliminated except for a slight effect due to the finite width of th 

gap between the small electrode and the guard electrode. The meas. 
ured capacitance, C, between the small or guarded electrode and +} 


f 
i} 


large electrode is related to the computed capacitance by the equatic, 
: a {Uatlo) 


C=K 
Hence 


k= C/C,’. 


The value of C,’ is obtained from eq 2 when D is replaced by D 
where J) is the ‘diameter of the guarded electrode in centimeters a) 
y is the width of the gap between the guarded electrode and the 
cuard electrode. 

The addition of the width of the gap to the diameter of the guarded 
electrode serves as an approximate correction to take care of the error 
due to the finite width of the gap. This is equivalent to assuming 
that the guarded electrode extends to the center of the gap. In the 
extreme case where the width of the gap is equal to the thickness of 
the specimen and the thickness of the specimen is one-tenth the diam- 
eter of the guarded electrode, the error introduced by this appr Xt 
mation is less than 1 percent. The dimensions used in the expel 
mental part of this paper were such that errors less than 0.1 percent 
were introduced. The width of the guard ring should be at least 
twice the thickness of the specimen. 

This is the most accurate of the methods discussed in this paper 
The dielectric fills the entire field between the electrodes, and this 
field is uniform except for the slight variation at the edge of the 
guarded electrode due to the finite width of the gap. If the gap is 
made small, the correction given above is sufficiently accurate, vo that 
the error by this method is negligible. 

It should be observed that the measuring circuit must be suci that 
only the capacitance between the guarded electrode and the opposite 
electrode is measured. 


2. EDGE CORRECTION FOR RECTANGULAR ELECTRODES 
The normal capacitance, C,,, and the sum of the edge capacitance, 
C,., and the earth capacitance, C,, when the electrodes are rectangular 
plates which form the opposite faces of a rectangular parallelopiped, 
and when they are in an evacuated infinite sphere, are given by the 
following formulas: 


1.113lw 
C.=—Zop bes (14 


Oct Op= 1113 g-9]1 +10) 1-44-74 In(1+ >| 
++ nf 4. tin 1+) Paw 
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where 
vig ;—thickness of the dielectric in centimeters, 
width of the electrodes in centimeters, and 
/—leneth of the electrode in centimeters. 
Vo formula is available for separating C, and C, as was the case for 
ular electrodes. One of the limits to the accuracy of this equation 
the uncertainty of the value of C,. 

The formulas were deduced from the equation given by Thomson ‘ 
for the distribution of electricity along the edges of two semi-infinite, 
narallel electrodes which have their edges in a plane perpendicular 
+) the electrodes. Coursey ® gives a formula for the capacitance of 
rectangular plates which is the sum of eq 14 and 15, except that the 
correction at the ends was neglected. Equation 15 assumes that the 
lectrodes are so wide that the effect of one edge does not extend as 
far as the opposite edge. Furthermore, the derivation does not 
consider the thickness of the electrodes. Hence, eq 15 should be used 
nly when the electrodes are thin and wide relative to the thickness of 
‘he dielectric. Even with these restrictions, the formula for C, 
is less accurate than the similar formula with circular electrodes, 
especially since ©, is included. Four different arrangements of 
electrodes for single sheets of material will be considered that are 
analocous to the four cases for circular electrodes. 


THEORETICAL FORMULA WHEN A RECTANGULAR SHEET OF DIELECTRIC HAS 
ELECTRODES COVERING BOTH FACES 


A rectangular sheet of dielectric with electrodes that cover both 
faces is analogous to the case of circular electrodes that cover both 
faces of the dielectric. Hence 

\ Y 
k= 7? approximately, (16) 


n 


where the values of C, and C, must be computed by eq 14 and 15. 
The dielectric constant, when determined by this method, is less 
accurate than when circular electrodes are employed, since the experi- 
mental results of part 2 (table 3) show that this method may give 
‘sin error by as much as 2.3 percent. 


THEORETICAL FORMULA WHEN A SHEET OF DIELECTRIC HAS ONE LARGE 
ELECTRODE AND ONE SMALL RECTANGULAR ELECTRODE 


A sheet of dielectric with a small rectangular electrode on one face 
and a larger electrode on the opposite face, so placed that it extends 
beyond the edges of the smaller electrode, is analogous to the case of 
a large electrode with a small circular electrode opposite it. Hence 


(17) 


The value of C, is given by eq 14, and the value of C, can be obtained 
from C, (eq 15) in the same manner as was done for the analogous 


J. Thomson, Recent Researches in Electricity and Magnetism, p. 216 (Clarendon Press, Oxford, 


1, LS¥3 


R. Coursey, Electrical Condensers, p. 138 (Sir Isaac Pitman and Sons, Ltd., London, 1927). 
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case with circular electrodes. The value of C, (assuming C, to } 
negligible) is given by 7 


a 130{ Tw , rw 

C. = Ox /! t nf 1 + Sh +In( 1 +35) 
1.113w{ I l 

+ 53 at nf +554 In( 1 +3) uuf. 


This method will give values which are too small, because the electr;, 
field beyond the edge of the smaller electrode is not all in the solid 
dielectric. The experimental data of part 2 (table 3) show that the 
error may be as much as 14 percent. 


13) 


(c) THEORETICAL FORMULA WHEN A SHEET OF DIELECTRIC EXTENDS BEyonp 
THE EDGES OF RECTANGULAR ELECTRODES 


A sheet of dielectric which extends beyond the edges of equal rec- 
tangular electrodes that are opposite each other is analogous to thy 
case of small circular electrodes. Hence 


—;» approximately, 


where the values of C, and C, are obtained from eq 14 and 15, respec- 

tively. . 
The result is less accurate than for the similar case using circular 

electrodes. This arrangement may give results that are as much as 

10 percent too small, as indicated by the experimental determinations 

of part 2 (table 3). 

(4) ELIMINATION OF THE EDGE CORRECTION FOR RECTANGULAR ELECTRODES 

BY USING A GUARD ELECTRODE 


When a capacitor consists of a sheet of dielectric between a larg 
electrode and a small rectangular electrode surrounded by a guard 
electrode, the edge correction is eliminated except for a slight effect 
due to the finite width of the gap between the guarded electrode and 
the guard electrode. This is analogous to the guarded electrode cas: 
of circular electrodes. Hence 

C 


—-—. (90) 
K oi 2 


n 
The value of Cis obtained from eq 14 by replacing J by (/+-y) and 
w by (w+y), where y is the width in centimeters of the gap between 
the guarded electrode and the guard electrode, and / and w are the 
length and width, respectively, of the guarded electrode. 

As in the case of circular electrodes, the dielectric fills the entire 
field, and this field is uniform except for the slight variation at the 
edge of the guarded electrode due to the finite width of the gap 
Considerations as to the width of the gap and the width of the guard 
electrode are similar to those for circular electrodes. 


III. THEORY OF EDGE CORRECTION WITH TWO SHEETS 
OF DIELECTRIC 


When two similar sheets of dielectric have one common electrode 
between them, and the two outside electrodes are connected together, 
the edge correction of this capacitor cannot be computed by th 
formula given for a single sheet of dielectric. Moreover, the same 
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-ymmetry does not exist between the different cases as when only 
ingle sheet of dielectric is employed. However, the capacitance to 


oarth does not enter into the problem in any case. 


. EDGE CORRECTION FOR CIRCULAR ELECTRODES 
cies normal capacitance, C,, must be computed for each sheet by 
the formula given in a preceding sec tion, and the total normal capaci- 
rance taken as the sum of the values for the two sheets. The formulas 
‘or the edge capacitance do not have as satisfactory theoretical basis 
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rE 5.—Arrangement of circular electrodes when two sheets of dielectric are used. 


is the similar formulas forja single sheet.*. However, experimental 
determine itions with circular electrodes on two sheets give values of 
the dielectric constant which agree well with accepted values when the 
center electrode is smaller than the other two. 

Formulas are available for three different arrangements of circuls ar 
electrodes. A diagram, showing a cross section through the center, is 
given In figure 5 for each of these arrangements. 

THEORETICAL FORMULA WHEN THE TWO SHEETS OF DIELECTRIC AND THE 

ELECTRODES HAVE THE SAME DIAMETER 

When two circular sheets of a dielectric material, both having r the 
same diame ‘ter, are ¢ assembled with three circular elec trodes having the 
sume diameter as the sheets of dielec brie, as shown in cross section In 
figure 5 (a), the measured capacitance, Cc. between the center electrode 
and the two outside ones is related to the computed capacitances by 
the equation 

| C=K(Cu+Cw)+C,, approximately, 
that 


i] 


-;-» approximately, 
nz 


Ww here 


J } 
C.= L. bi BL Io. 5539-+- 
T 6 
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where 
Z2=f (x2) (see eq 4 or fig. 3), 
23==f(x3) (see eq 4 or fig. 3), 
Y= 2t/b,, 
L3= 2t/bo, 
D=diameter of the electrode in centimeters, 
b,=thickness of one sheet in centimeters, 
b.=thickness of the second sheet in centimeters, and 
t=thickness of each conducting disk in centimeters. 


The formula for C, was derived by Griineisen and Giebe, 6 who hay 
published only the final formula and state that the derivation h: 
been rigorously carried through. 

If the electrodes are thin, as for tinfoil electrodes, both z, and - 
so small that they can be neglected. ‘Then eq 25 becomes 


C,=6.1 962Dupf 


This equation indicates that the edge capacitance is independer nt of t 
thickness of the dielectric. This may be applicable only for ; 

range of thicknesses and diameters. However, Griineisen an 
measured and computed the capacitance of 13 air capacitors r 
the diameter of the electrodes varied from 15 to 30 em, the dista 
between adjacent electrodes varied from 1 to 3 cm, and the thick 
of the electrodes varied from 0.08 to 0.59 em. The difference between 
the computed and observed capacitance was, in 1 case, 2 percent of the 
measured capacitance, but in all the other 12 cases it was less than | 
percent. It appears that the difference was not greater than the e1 
of measurement. Hence, the formula may be considered satisfactor 
However, in this arrangement of electrodes with dielec tric ma 
between them, the edge capacitance is not exactly equal to C, beca 
the configuration of the electric field at the edge is slightly diff 
when the dielectric is between the electrodes from that when air i 
only dielectric. This error may amount to 1 percent as shown by | 
experimental data in part 2 (table 2). 


(B) THEORETICAL FORMULA WHEN THE OUTER ELECTRODES AND THE TW 
SHEETS OF DIELECTRIC EXTEND BEYOND THE CIRCUMFERENCE OF THE 
CENTER ELECTRODE 


When two large sheets of a dielectric are assembled with three elec- 
trodes, the center one being circular and smaller than the other elec- 
trodes and the sheets, as shown in cross section in figure 5 (b), the 
measured capacitance C between the center electrode and ike two 
outside ones is related to the een capacitances by the equati 


C=K(Cn+C2+C,) approximately, 
so that 
C 
k= yy approximately, 
Cat | -C n2~1 a 
where C,, and C,. are the same as in the two preceding sections 


C= 11187 0.698242, 201 uu, 


e 


6 E. Griineisen and E. Giebe, Use of the three- plate capacitor for the determination of the dielect) 
solid bodies, Verhandl. deut. physik. Ges. 14, 921 (1912). 
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f(z.) (see eq 4 or fig. 3) 
{(25) (see eq 4 or fig. 3) 
+t 4b, 
t/4b. 
diameter of the small interior electrode in centimeters, 
thickness of one sheet of dielectric in centimeters, 
>= thickness of the second sheet of dielectric in centimenters, and 
t—thickness of the inner electrode in centimeters. 
The equi ation for C; which was derived by Thomson? for the edge 
‘a semi-infinite plate midway between two infinite plates was ap- 
plied here without alteration to the circular electrodes. If the elec- 
trode is so thin, as in the case of tinfoil electrodes, that 2, and 2; are 
negligible, 

. C!=0.2456Dyyf. (30) 
This equation has the same form as the one for C, given by Griineisen 
and Giebe for three equal electrodes. However, the relation between 
the constants of the two equations is not evident. This method gives 
a value of K that is more nearly correct than any of the other methods 
described. The experimental data of part 2 (table 2) show that this 
method will give errors less than 0.6 percent when thin electrodes 
such as tinfoil are used. 


C) THEORETICAL FORMULA WHEN THE TWO SHEETS OF DIELECTRIC EXTEND 
BEYOND THE CIRCUMFERENCES OF THE ELECTRODES 


When two large sheets of a dielectric are assembled, as shown in 
cross section in figure 5 (c), with three smaller circular electrodes all 
of the same diameter and with their centers in a line perpendicular 
to the faces of the electrodes, the measured capacitance, C, between 
the center electrode and the two outside ones is related to the computed 
capacitance by the formula 


C= K(Cu+Ci2+C.) approximately. (31) 
Hence 


ea ere 3 approximately, (32) 


where the values of C,;, C,2, and C, are the same as given in the pre- 
ceding section. 

The value of A obtained by this method is smaller than the true 
value, because the field beyond the edges of the electrodes is not all 
in the solid dielectric. The amount of this error may be as much as 
| — as shown by the experimental results given in part 2 
table 2). 


2, EDGE CORRECTION FOR RECTANGULAR ELECTRODES 


mi 


(here is only one arrangement of rectangular electrodes on two 
sheets of dielectric for which a formula is available. This is analogous 
to the case just treated of a small circular electrode between two large 
sheets of dielectric which have large electrodes on their outer faces. 


, Thon nson, Recent Researches in Electricity and Magnetism, p. 211 (Clarendon Press, Oxford, 
, 1893). 
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(a) THEORETICAL FORMULA WHEN THE OUTER ELECTRODES AND THE Ty, 
SHEETS OF DIELECTRIC EXTEND BEYOND THE PERIMETER OF THE CENTp; 
ELECTRODE a 

When two sheets of dielectric are assembled with three electrode: 
so that both the dielectric sheets and outside electrodes extend son. 
distance beyond the edges of the certer electrode which is in the forp 
of a rectangular plate, the dielectric constant is given by the equatio, 


. C 
K ( nl + ¢ - +O” 
where 
7 1.113/w 


Arb, BH : 
1.113lw 


FP iu , 
“ 4nb, *™ 


Ww) : , . 
(0.6932 T <5 T Zsluul, 


is the analogous case for circular electrodes, and where 


where 2, 25, 5,, b2, and t are the same as the preceding section, which 


w=width of the center electrode in centimeters, and 
l=length of the center electrode in centimeters. 


The eee for C, was obtained from the equation given by 
Thomson * for the distribution of electricity on a semi-infinite are 
with one bo aight edge when midway between two infinite plat: 
In extending this to the case here considered, the assumption is ney 
that the center strip is so wide that the effect of one edge on the 
distribution of electricity does not extend to the opposite edge. Ii 
the electrodes are so thin that 2,-++2; can be neglec ted, then 


0’. =0.07818 (l+w)uuf. 37 


This method will give results which are in error by less than 0.5 per- 
cent as shown by the experimental results in part 2 (table 3). 


PART 2. EXPERIMENTAL DETERMINATION OF THE EDGE CORRECTION 
I. INTRODUCTION 


The assumptions used in the derivations of the theoretical equations 
given in part 1 for the computation of the dielectric constants of sheet 
materials were such that appreciable errors in the results might b: 
expected. It was therefore desirable that these equations be exper- 
mentally tested to determine their accuracy. This has been done fo! 
arrangements where both circular and rec tangul: ar electrodes were used 
The values of the dielectric constant which were obtained when a 
guard electrode was used, were taken to be correct, and the values 
obtained from other arrangements of the electrodes were compared 
with them. 

It was also deemed desirable to test the accuracy of Kurc ‘hhoff’s 
equi ition (eq 3), since it was the basis for the equations used in the 


8 J J. Thom son, Recent Researches in Eiectricity and Magnetism, p. 211 (Clarendon Press, Oxfor 
ngland, 1893 
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methods where a single sheet of dielectric material was equipped with 
‘reular electrodes. This was done in two ways. One method was 
‘he construction of an air capacitor whose capacitance could be com- 
nnted as well as measured. The other method was to surround the 
alectrodes, as nearly as possible, by the dielectric. This was accom- 
plished by using small electrodes on a large sheet of dielectric and 
the n nlacing large sheets of dielect rie outside the elect rodes. 
The specimens on which measurements were made had thicknesses 
vhich ranged from 0.07 to 0.70 em and dielectric constants which 
ranged from 2.6 to 70.0. The circular specimens were all 15 cm in 
diameter, except for three samples of titania which were 12 cm in 
liameter. The rectangular specimens had lengths ranging from 12 
to 88 em and widths from 8 to 12 em. These specimens are listed in 
he first columns of tables 2 and 3. All the specimens except the 
norcelain and titania were cut from uniform sheets of material. 
The titania, which was a mixture of titanium oxide in a porcelain 
base, was obtained in disk form. No particular care was taken in 
the selection of the materials except for the marble specimens, which 
were cut from slabs carefully selected as to uniformity of appearance. 
Only two of the materials were measured using rectangular electrodes, 
namely, methyl methacrylate and glass. 


tiki 


II. ARRANGEMENT OF ELECTRODES 


Tinfoil was used as the electrode material. This was applied with 
a thin coat of petrolatum and carefully rolled down on the surface 
of the specimen with a narrow roller until no visible imprint could 


h 
be made on the tinfoil with the roller. Experiments were made which 
showed that this procedure of rolling was necessary if the formation 
of bubbles under the electrodes was to be avoided. When the tinfoil 
was rubbed down in the usual manner, gas bubbles became visible 
under the tinfoil in less than 24 hours. However, when the tinfoil 
was rolled down with a narrow roller on which considerable pressure 
was exerted until no imprint could be made on the tinfoil, no bubbles 
appeared under the tinfoil within several months. 

The electrodes were applied to the specimens only once and served 
for all the various arrangements. For each material two or more 
single specimens were used. The electrodes were cut and modified 
as needed for the different arrangements but were not removed and 
replaced. This was accomplished by first using the arrangements 
where the electrodes completely covered the faces of the specimens 
and removing parts of these electrodes as required for the other ar- 
rangements. ‘To provide a guard ring, a strip of electrode 0.05 cm 
wide was removed from one electrode. The width of the guard ring 
was 2.0 em. The removal of the guard ring provided the arrange- 
ment having one electrode larger than the other. The arrangement 
consisting of electrodes of the same size but smaller than the dielectric 
was obtained by cutting the larger electrode to the size of the smaller 
one. The double specimens were obtained by facing together two 
single specimens. 

The dielectric constants for these various electrode arrangements 
were computed by means of the corresponding equations given in 
part 1. The electrodes used on the solid dielectrics were tinfoil 
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having a thickness of 0.003 cm. The terms of the equations involyi, 
the thickness were so small for this thickness that neglecting them 
would not alter the result by 0.1 percent; therefore they were omit 


from the equations when the dielectric constants were computed 


III. ELECTRICAL MEASUREMENTS 


le} 
Tay 


The capacitance measurements were made with a conjugat 
Schering bridge provided with an earthing arm.’ The bridge was 
well shielded and was operated inside an earthed cage. A balano, 
of the bridge was first obtained without the specimen being connecte 
toit. Then the specimen was connected in parallel with the stands, 
capacitor and the bridge rebalanced. The capacitance of the speci. 
men was taken as equal to the change in capacitance of the standard 


capacitor necessary to again bring the bridge into balance, TT} 























(k ) 
Figure 6.—Shielding arrangements. 


(a) For a single specimen (guard ring may be removed). (b) For a double specimen. These f 
not drawn to scale. The shield should be at least 8 cm from the specimen if serious distortio1 
is to be avoided. 


source of 1,000 c/s measuring current for part of the work was 4 
motor-generator energized by storage batteries. For the remainde! 
of the work an amplified 1,000-cycle signal from a crystal clock was 
filtered and used as a source. In either case a potential of 110 volts 
was applied across the bridge, which put 55 volts across the specimen. 

The specimens were placed in a metal box which served as a shield 
for the specimens and was part of a constant-temperature chamber. 
When measured singly, the specimens were mounted as shown dia- 
grammatically in figure 6 (a). (The guard and its connection can 
be removed.) The switch used for disconnecting the high potential 
lead of the specimen from the bridge and connecting it to earth was 
mounted in the box. This served effectively to shield the switch. 
When the double specimens were measured, they were mounted as 


® This bridge is described in a tentative method of the ASTM entitled, Tentative methods of testing electrica 
insulating material for power factor and dielectric constant, D150-86T. See Proc. Am. Soc. Testing } 
rials 36, 955 (1936). A bridge of the same form but with more elaborate shielding than was here used is de- 
scribed by A. V. Astin, Measurements of relative and true power factors of air capacitors, J. Research NBS 2, 


425 (1938) RP1138. 
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hown diagrammatically in figure 6 (6). Here it was necessary to 
sount the switch in a separate compartment. It was found that the 
| id hould be at least 8 em from any part of the specimen. Closer 
2 mity of the shield to the specimen affected the edge capacitance. 
shielding in both cases was designed to eliminate as far as possible 
rae capac itance between the leads and between each lead and the 
opposite electrode. This effectively removed from the measurement 
any capac itance other than the capacitance between the electrodes 
‘yall cases except one. When the double specimens were measured 
nd the center electrode was smaller than the outer electrode, it was 
ssary to make connection to the center electrode with a small 
This wire could not be shielded along the distance from the 
ce of the specimens to the center electrode, and the capacitance of 
ad to the outer electrode was included in the measured capac i- 
This lead capacite wnce was determined by using a dummy 
nearly like the real lead as possible and symmetrically placed 
respect to it. Assuming that the capacitance of the real lead 
ras the same as that of the dummy, the measured capacitance of 
the specimen could be corrected for the lead capacitance. 

The specimens were maintained at 30° C in a dry atmosphere for 
st 48 hours before measurements were made. The capacitance 
measured without removing the specimens from the chamber. 
marble specimens were dried by placing them in an oven at 
( for 24 hours before being placed in a measuring chamber. 


moa 


IV. RESULTS 


leasurements were made on both circular and rectangular speci- 
ns to determine the accuracy of the theoretical equations which 
en given in part 1. The results have also been used to set up 
il equations which give more accurate values of the dielectric 
its than the theoretical equations. 
ecimens with circular electrodes have been used, not only to 
ire dielectric constants but also to test the validity of Kirchhoff’s 
. for edge correction. For the latter purpose, one of the dielec- 
used was air. 


1. TEST OF KIRCHHOFF’S EQUATION 


The validity of Kirchhoff’s equation for the capacitance between 
oaxial circular electrodes when completely surrounded by a uniform 
iisloctates was tested by using both air and methyl methacrylate as 

‘dielectric. When air was used as the dielectric, the field between 
ihe electrodes was completely filled with a uniform dielectric as postu- 
lated in the theoretical derivation of the equation except for the small 
volume occupied by the spacers. The electrodes were monel metal 
disks 20.01 em in diameter and 0.451 cm thick, whose surfaces were 
ground flat to within 0.0008 cm. The disks were spaced by three 
quartz cylinders all of the same length within 2y and all having a 
diameter of about 0.3 em. Three different sets were used having 

engths of 0.1874 em, 0.4027 em, and 0.5900 cm. 

When methyl methacrylate was used as the dielectric, the elec- 
trodes were sheets of tinfoil about 30u thick. In order that the field 








764 Journal of Research of the National Bureau of Standards  ,, 
should be as nearly as possible all in the solid dielectric, a sheet ,: 
the same dielectric 1% ecm thick and larger than the specimen wo 
placed on each side of the specimen. A ‘hole in each of the outs rh 
pieces of dielectric allowed electrical connec tion to the tinfoil electrode. 

The results of the measurements are given in table 1. T ‘he cana 
tances as measured by the methods described above are given in the 
fourth column, and the capacitances, as computed by Kirehhoff’s equa 
tion are given in the fifth column. The pe reentage differences betwee 
the computed and measured values are given in the last colum 
The differences are all less than 1 percent, which is within experi. 
mental error. Hence there is no indication of an error in Kirchhoff 
equation. 


TABLE 1.—Test of Kireh hoff’s e quation for the capacitance between two coaxial ¢ 
cular electrodes of the same diameter 


+C,), where C, and C, are given by eq 2 and 3, p. 750 
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taken from tebles; that of methyl methacrylate was measu 
ring capacitor 


2. DIELECTRIC CONSTANTS WHEN THEORETICAL EQUATIONS 
WERE USED 


(a) CIRCULAR ELECTRODES 


The percentage errors in a large number of determinations of th: 
dielectric constant for the various arrangements of circular electrodes 
using the equations derived in part 1 of this paper, are given in table 
2. These errors were computed on the assumption that the dielectri 
constant as determined by a guard-ring capacitor was correct. Th 
negative sign indicates that the value of the dielectric constant ob- 
tained by the theoretical equation is smaller than the correct value. 

Each value given in table 2, in most cases, is the average of several 
determinations. The number of specimens given in the second colum! 
is the number of determinations for those electrode arrangements 
which require a single specimen, namely, arrangements 4a, 4b, and 4 
The number of determinations for the electrode arrangements where 
two specimens were required is only half the number of specimens. 
The average values of thickness and dielectric constant are given I 
the third and fourth columns in order to show the ranges of thickness 
and dielectric constant which were covered. 

The electrode arrangement giving the least error was 5b, which 1s 
for a pair of specimens having the center electrode smaller than th 
other two. It was computed by?means of eq 28. The values ob- 
tained by this method are correct within experimental error. 





8 U8 JABS SNYY PUB OZPI 9} 18 P] 
00} Paved SUM P[STYS 94} @sNvoaq 


u 


oq} 


t 


94.10JSIP YO! 


10419 Ul 919M 


9 ‘TT qand “gg speroqeyy 30 




















1UvySUOD 


dats 


‘QUDIs 
JA4409 DOpa 2Y} JO WOTJDUIWLIZAT UO} 1uo 
SIY} Ul UVATIS ‘O[QIBUL PUB *Jeqqni p1ley ‘sse[s IoOJ 


) I4joajatp 
) A 8} 


| 
| IIIA Baez 
| ITA BIUe4yt TL 


848ISOB BSO[NI [IO 
SpAYIP|VUlIO] GUILIN YW 

A] oyv[Asovyyour [AQT 
II] oyefAdovyyem [Aq 
o1e[AJVy youl [AGO 
[Adovy youl [AIO 

“"; Joqqni prey 

II 9UeIAjSAIOG 

[ 9U0IAYSA[OG 








It 


fo 1OL49 2ObDIU9I4 Id 





766 Journal of Research of the National Bureau of Standards 


< 


specimen, large electrodes) yielded vi alues which were in error by | 
than 1.5 percent except for titania VII which was in error by 
percent. The other arrangements gave values of the dielect ic 6 o 
stant which were too small b »y amounts varying from 2 to 7 pe! 


10 4 


Buchner” tested arrangement 4a (single specimen, lar; ge elect les 
using eq 6, by making measurements on sheets of pots ssium ch) hl rice 
(dielectric constant 4.68) of varying diameters and thicknesses. Hi. 
measurements indicate that the error, if any, was small. 

Griineisen and Giebe"™ tested arrangements 4c (single specie 
small electrodes) and 5c (double specimen, small electrodes), 
eq 11 and 31, by measuring the dielectric constant of porcelair 
electric constant 5. 60), using sheets of various thicknesses. 
conclusions reached in both the above researches are in substantia) 
agreement with those of the present paper. 


Arrangements 4a (single specimen, large electrodes) and 5a 


os 


1S] 


(b)ARECTANGULAR ELECTRODES 


Measurements were made on only two materials using rectangula; 
electrodes. Specimens having high dielectric constants were not use 
because of the difficulty of getting them in the shape desired. 

Theoretical equations were available for only four electrode arrange 
ments aside from the guard-ring arrangement as was noted in part | 
The dielectric constants were computed by these —— and th 
percentage errors computed, assuming the guard ring value 
correct, as was done for the circular electrodes. The aeilia are i 
in table 3. As for circular electrodes, the number of specimens is tly 
number of determinations for those arrangements using a single sheet 
of dielectric. Where two sheets of dielectric were required, the nu 
ber of determinations was half the number of specimens. The lengt 
and width of the specimens are given for comparative purposes. 

Arrangement 5b (double specimens, center electrode small) gay 
values which were in error by less than 1 percent, and arrangement 4 
(single specimen, large electrodes) gave values which were in error by 
less than 2.5 percent. The other arrangements gave errors as high 
as 14 percent. These errors are higher than for the analogous cases 
of circular electrodes with the exception of arrangement 5b (doubl 
specimen, center electrode small). 


3. DETERMINATION OF EMPIRICAL EQUATIONS 


A set of empirical equations for the computation of edge capacitance: 
for both circular and rectangular electrodes was determined from thi 
data used in testing the accuracy of the theoretical equations. Thi 
values of the edge capacitances, Cg (Cz is here used as distinguished 
from C, which is used for the edge capacitance when vacuum is tli 
dielectric), were determined for all the circular specimens listed 1 
table 2 by subtracting the value of the guard-ring capacitance (cor- 
rected for the width of the g gap between the euarded electrode and tli 
guard electrode) from the value of the capacitance of each of the othe: 
arrangements where the electrode was the same diameter as that 0! 
the guarded electrode. The values of the edge capacitance per centl- 
“10 A. Buchner, Measurements of dielectric constants, Z. tech. Physik. 16, 10 (1935). 


1 E. Griineisen and E. Giebe, Use of the three-plate capacitor for the determination of the dielectric cor 
solid bodies, Verhandl. deut. physik. Ges. 14, 921 (1912). 
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ircuniference, Cg/P (P is the perimeter mn centimeters 
civen in table 4 

The edge capacitances per centimeter for rectangular electrodes wer 
determined by first measuring the capacitance with the guard elec. 
trode surrounding the sm: - electrode, then measuring the capacitance 
after the portion of the guard eres along the side had hee 
removed but the guard ¢ Pha trodes left on the ends. This mnatnale 
the effects of the ends and corners. The dae capacitances per 
meter for rectangular electrodes are given in table 5. 


TaBLE 4.~~Edge capacitance per centimeter’ of, circumference™ of circular 


Fsereserasesil 





{ Diagram. 


U igure 


| 


Dielec- 
tric 
constant 


Polystyrene I 

P oly BLYTO ne II 

Hard rubber 

Me thyl methacrylate I 
Methy] methacrylate I 
Methyl] methacrylate ITI : 
Methyl methacrylate IV__- 
Aniline formaldehydc 
Cellulose acetate--- 
Porcelain._._.-- - - 

White marble--- 

Blue marble-_-- 

Titania I 

Titania IT__- 

Titania ITI 

Titania IV_. 

Titania V_-- 

Titania VI 
Titania V 
Titania V 


I] 
II] 
Titania IX 


TABLE 5.—Edge capacitance per centimeter for rectangular electrodes 





JP igram 
Electrode arrangement 
Lk igure 





Dielec- 
tric 
consts 


upf | yuh 
Methyl methacrylate V__- | ). 65 3. 25 q 0. 261 | 0. 078 | 
Methy! methacrylate VI___-- . 476 3. 26 a . 266 | 085 
Methyl! methacrylate VII-_-- . 252 | 3. 1 .21 273 | 099 
Methyl methacrylate VIII-_ X 3. 42 | . 270 |... | . 138 | 
Methy 7] methacry] ate IX__ | .6 j Zs | | O81 | 
Methyl methacrylate X_____ | . 493 | 3. 27 ; 084 | 
Glass I___- =< as | . 606 . 376 . 167 | 


Glass I 





The effect that a corner had on the edge capacitance w: —- 
by measuring the edge capacitance for rectangular electrodes wl 


the guard electrode along the sides was removed and again when the 


guard electrode at the ends was also removed. The edge capacitance 
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centimeter of length was computed from the value of edge capaci- 
see obtained when the ~~ electrode along the side hi: id been re- 
The total capacitance due to the edge was computed by 
he capacitance per centimeter by the perimeter. The 


1c 
ie 


tiplying 


( 
ence between the total meas ure d edge capacitance and the com- 
uted edge "eapaeltanee gave the effect of the corners. The capaci- 
nees due to the corners are given in table 6. from this it is dis- 
-ered that within experimental error the corner has a negligible 
rect for all of the electrode arrangements. 


Capacitance.of corners of rectangular electrodes 





put 
0.1 
» -. 025 | 
ethacry lat ( 25 
i1ethacrylate 
thacrylate X 


The results in tables 4 and 5 show that there is little if any difference 
between the edge capacitances per centimeter for circular and rec- 
tangular electrodes. ‘The fact that the corners have little effect on the 
edge capacitance should lead one to expect this agreement. 

Since the capacitances per centimeter are the same for circular as 
for rectangular electrodes, it was possible to set up a single set of 
empirical equations for computing the dielectric constant. The equa- 
tions apply equally well to both rectangul: i and circular electrodes. 

The results in tables 4 and 5 also show,that, for.any:arrangement of 
electrodes the edge capacitance depends‘both on the dielectric con- 
stant of the material and on the thickness of the specimen. In order 
to construct an empirical equation involving both: these’variables, the 
affect of each separately was determined. ‘The effect of the dielectric 
constant of the material on the edge capacitance was determined by 
selecting a group of samples all of which had about the same thic kness. 
The data for this group (for both circular and rectangular electrodes) 
are shown in figure 7. The edge capacitances per centimeter of cir- 
cumference, C,/P, are plotted against the dielectric constant for 
arrangements 4b (single specimen, one electrode small) and 4c (single 
specimen, small electrodes). 

[t is quite clear that the points lie on a straight line and that this 
line extended does not pass through the origin. This indicates that 
the relationship between the edge capacitance, Cz, and the dielectric 
constant for a given thickness can be expressed as the sum of two 
terms, one of which, Cm, is directly proportional to the dielectric 
constant, while the other, C,, has a value that is given by the intercept 

he axis of zero dielectric constant. 

in order to develop the empirical equations, it was assumed that 
the slopes of the lines in figure 7 do not change with thickness of the 


146065—39——-10 
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specimens, that is, that the part, C,, of the edge capacitance whi 

a function of the dielectric constant does not change with thi Occ 

of the specimen. lrom the slopes of the lines it was determined tho: 
; 


for arrangement 4b (single specimen, one electrode small 


Cn — 
Pp 0.0405K, 38 


id for arrangement 4¢ (single specimen, small electrodes) 


Y 
m 


O.185K. 
P kK 


PER CM 


t 


IN PY 


3 











50 6C 


DIELECTRIC CONSTANT 


°o 
7 
C 
c 


FiagurRE 7.—Relation, fur circular electrodes, between the edge capacitane 
the dielectric constant. 


Arrangement 4b is a single specimen with one electrode smaller than the other. Arrangement 4¢ 
specimen with both electrodes small 


Since the dielectric constants of the specimens listed in ts ables 4 and ¢ 
were determined with the guard electrode, the values of C,,/I | 
these specimens could be c omputed. 

The value of the portion, C,/P, of the edge capacitance per cent- 
meter of circumference, which was independent of the dielectric con- 
stant, was obtained for each specimen by subtracting the value oi 
C,,/P from the value of C,/P, given in tables 4 and 5. These values 
of C,/P for the specimens having dielectric constants less than 9 are 
plotted in figure 8 against the logarithm of the thickness of the speci- 
men. The values of C;,/P for the specimens of higher dielectric con- 
stant were not used, because the values of C; become relatively less 
important, as compared to the total capacitances of the specimens, 
as the dielectric constant increases. The points of figure 8 fall along 
straight lines, showing that C;,/P is a linear function of the logarithm 








Edge Correction 771 








of the thickness. The relationship for arrangement 4b (single speci- 


ess men, one electrode small) is 
cc -3 3.8 (40 
n ’ ( ) 
le 30 b 
Ss) & wid for arrangement 4e (single specimen, small electrodes) is 
( es. 
; in-;-- (41) 
| 1{) v 


ability to make the separation of the edge capacitance into 
parts, one of which is a function of the dielectric constant of the 


iterial and the other independent of it, indicates a superiority of 










} 
© CIRCULAR ELECTRODES 
|} 9 RECTANGULAR ELECTRODES 


ARRANGEMENT 4c 
| 











eS 74 76 78 8.0 8.2 8.4 8.6 8.8 9.0 9.2 9.4 96 98 
LOGARITHM OF THICKNESS 
Figure 8.—Relation, for circular electrodes, between the edge capacitance which is 
function of the dielectric constant, C;, and the thickness of the specimen 


t 4b is a single specimen with one electrode smaller than 
specimen with both electrode 





he other. Arrangement 4c is a single 





this method over any of the theoretical methods for determining edge 

corrections. The theoretical equations cannot make this separation, 

because they were derived on the assumption that the field at the 

edge was all in a uniform dielectric. This, as well as the direction of 
= the error due to nonfulfillment of the assumption, was pointed out 
in part 1. 


| Mquations for the edge capacitances of arrangements 4b and 4e 
can now be set up. The edge capacitance for arrangement 4b (single 

U- specimen, one electrode small) is given by 

ie 

01 ; , b 2a — ; 

ae C,=C,+On=( soln +.0405K )P, (42) 

ire oa , , 

i, 


where P is the perimeter of the small electrode in cm, 6 is the thick- 


al ness in centimeters, and K is the dielectric constant. The edge capaci- 
: tance for arrangement 4c (single specimen, small electrodes) is given by 
1S, 





oe 5 ae we a 1 1.5 ~ = ) a 
O04 Cu=( goin ; +.0185K )P. (43) 
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[t should be pointed out that eq 42 and 43 were developed from 
data obtained with electrodes having a diameter of 11.0 em and a 
thickness of 0.003 em. However, they will apply in most practic! 
applications because 11 em is within a few percent of what has prac. 
tically become a standard diameter, and 0.003 em is the thickness 
of the tinfoil which is generally used for electrode material. 

[t is now possible to set up accurate equations for the computation 
vf the dielectric constant for arrangements 4b (single specimen, one 
electrode small) and 4c (single specimen, small electrodes). The tota| 
capacitance of a specimen having a circular electrode arrangement 4} 
is given by 


. ‘1, 3.8 *, 
Cc KO,+( goin h +.0405K )P. 


Hence, 
Pr, 28 
C—-= in? 
om __ 300 
*=C,+0.0405P’ 


where C, is given by eq 2. The total capitance for arrangement 4 
is given by 


C=KC,-+ (Fain 7 +0.0185K) ‘tk (46 


from which is obtained the equation 


a 
om C— 25 (47 


~ O,+0.0185P” 


The evaluation of C, for arrangement 4b (single specimen one 
electrode small) makes it possible to determine the equation for the 
dielectric constant for arrangement 5b (double specimen, center 
electrode small). If it is assumed that QC; is the part of the edge 
capacitance arising from the electric field in the air, then facing two 
specimens of arrangement 4b (single specimen, one electrode small 
together to form arrangement 5b eliminates C,, since the center 
electrode is practically completely surrounded by dielectric. 

The value of C,, for the double specimen should be twice that for 
a single specimen, and C, should be the sum of the values for the 
individual specimens. The equation for arrangement 5b would then 
be 

Cc 


K=O + Ca+0.081P’ (8) 


where C,,; and C,2 are the values of C, for the single specimens making 
up the double specimen. 

As noted in part 1, the theoretical equation (eq 28) for this arrange- 
ment gave values that were in error by less than 0.6 percent. This 
equation has the same form as eq 48 except that the coefficient of P 
is 0.0782 rather than 0.081. 

An equation for the dielectric constant for arrangement 5c (double 
specimen, small electrodes) can be obtained in the same way as for 
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arrangement 5b. Facing together two specimens of arrangement 4c 
sing oo specimen, small electrodes) eliminated Q;. The value of C,, 

1x the double specimen shi ould be twice that for the single specimen, 
and the value of C, for the double specimen should be the sum of 
those for the single specimens. Thus for arrangement 5c 


c 
7 —— : ws Z (AC 

K “Cy +C4+0.037P (49) 
This equation has the same form as the theoretically derived equation 
eq 32), but the coefficient of P in the theoretical equation is 0.0625 

‘nstead of 0.037. 
Rice equation for the dielectric constant for arrangement 4a (single 
cimen, large electrodes) was obtained from eq 46 for arrangement 
tc (single specimen, small electrodes). For arrangement 4a the edge 
capacitance was all assumed to be in air; therefore the dielectric 
constant in the term for edge capacitance became unity. Thus for 


arrangement 4a 
Cc— | am > 1 0.0185 Pp 
. gel Wh ais 


K —— —— Aa (50) 
oF 
The equation for the dielectric constant for arrangement 5a (double 
specimen, large electrodes) was obtained from eq 49 for arrangement 5c 
louble specimen, small electrodes). Assuming the edge capacitance 
lur arrangement 5a all to be in air, the dielectric constant in the edge 
‘apacitance term was taken as unity. Thus, for arrangement 5a 


—0.037P 
oe. = (51) 
nl | n2 


kK 


The theoretical equi ition given for this arrangement (eq 22) has the 
same form as eq 51, but the coefficient of P was 0.0625 ae ro of 0.037. 


4. DIELECTRIC CONSTANTS WHEN EMPIRICAL EQUATIONS WERE 
USED 


The dielectric constants of all the specimens listed in tables 2 and 3 
were recomputed using the empirical equ: — which are given above. 
The results for circular electrodes are given in table 7, and for rec- 
tangular electrodes in table 8, 

In only one case is the error greater than 1.0 apy For circular 
electrodes five-sixths of the results have errors 0.5 ) percent or less, 
whereas one-sixth of them have errors less than 0.1 percent. For 
rectangular electrodes three-fourths of the results have errors of 0.5 
percent or less, whereas one-fifth of them have errors less than 0.1 
pe recent. 


The one case where the error was greater than 1 percent was that 


for titania VII having a dielectric constant of 70.5 when arrangement 
1A (single specimen, large circular electrodes) was used. This large 
error,(3.8 percent) can probably i explained, since the edges of this 
disk were rather irregular,' and therefore the area of the electrodes 
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was not the same as for the specimen. The great disadvanta if 
wrangements 4a (single specimen, large electrodes) and 5a (d “tt 
specimen, large electrodes) is the difficulty of preparing the specimens 
so that they have good sharp edges, and thus making sure that th 
electrodes come exactly to the edge of the specimen. For this reaso 
these arrangements are not as easily used as the other arrangemer 
These results indicate that rect: angular electrodes can be as 
used as circular electrodes and will give as much accuracy. 
effect of the corners can be ignored. 


TABLE 7.—Percentage error of dielectric constants computed by means of 
equations when circular electrodes were used 


| 








Electrode ar-| Diagt 
rangement | Ficure 


Equation number 
Material 


Polystyrene I 
Polystyrene II- 

lard rubber. 7 
Methyl] methacrylate | 
Methyl! methacrylate II 
Methyl methacrylate III 
Methyl! methacrylate IV 
Aniline formaldehyde 
Cellulose acetate 
Porcelain - - 
Glass. - 
White marble 

Biue marble. 
Titania I__. 
Titania IT_.- 
Titania II1_- 
Titania IV ___ 
Titania V 
Titania VI 
Titania VII 
Titania VITI 
Titania IX 


TABLE 8.—Percentage error of dielectric constants computed by means of em} 
equations when rectangular electrodes were used 





_— 
| SSS | ene 
Saeeae) 





Electrode ar-| Diagram 
rangement 


Figure 


Equation number 
Material 


Methyl methacrylate V 
Methyl mett acrylat ite VI 
Methyl methacrylate VII 
Methyl! meth acryl: 7 Vill 
Methyl methacrylate IX 
Methyl methacrylate X 
Glass I__-- 

Glass IT 


The method which is the easiest to use and which will therefore 
give the most accurate results in general is arrangement 4b (single 
specimen, one electrode large) using eq 45. Since one Pvedtoann is 
smaller than the other, no great care is needed for centering the 
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odes. On the other hand, great care must be taken with 

ement 4e (single specimen, small electrodes) and 5e (double 

n, small electrodes) to see that the two electrodes on each 

men are opposite each other, and this is sometimes quite difficult. 

rement 5b (double specimen, center electrode small) is somewhat 

lt to use because it is necessary that the two electrodes which 

faced together should be acts opposite each other when the 

specimens are placed together to make the double specimen. 

correction must be made for the capacitance of that part of the 

| to the center electrode which is between the larger electrodes, as 

cannot be shielded without disturbing the field. However, these 

ities can be overcome with care, and this method has the 

lvantage that the unit is practically a shielded capacitor. By 

ing the outer electrodes to the low potential side of the bridge, 

igh potential electrode is completely shielded. This allows a 

1umber of test units to be stacked on each other without interference 
netween the m. 


V. SUMMARY 


theoretical equations given in part I all had edge corrections 
overcorrected for the edge capacitance except eq 28 for circular 
rodes and eq 33 for rectangular electrodes. Both of these 
ations apply to the electrode arrangement for a pair of specimens 
the center electrode is smaller than the other two, and both 
values of the dielectric constant which were in error by less 

in 1 percent. 

Kir hhoffs equation for the capacitance between two circular 

of the same diameter and thickness was found to be correct 
xperimental error. 

npirical equations were set up which gave values that were in 
by less than 1 percent for all electrode arrangements and which 

» simpler than most of the theoretical equations. 
ctrode arrangements which have electrodes extending to the 
edge ak the specimen are very difficult to use because of the difficulty 
preparing the specimens with good sharp edges and fixing the 

electrodes so that they extend exactly to the edges. 

The most accurate method for the determination of the dielectric 
onstant, aside from the guard-ring method, is that using one specimen 
“a having one electrode appreciably smaller than the other. Part 
of the accuracy 1s due to the fact that the electrodes do not have to be 
iccurately centered on the specimen. 

arrangement consisting of a double specimen with a center 

trode smaller than the outer elec nian gives accurate values if the 

| electrodes of the two single specimens making up the double 

ecimen are exactly opposite each other. This is somewhat difficult, 

with care this can be accomplished, and this arrangement has 

the advantage that the center electrode is completely shielded by the 

juter electrodes, which may be connected to the low-potential side 

of the bridge for measurement. Such test units can be stacked 
without interference between them. 


Wasrineton, March 14, 1939. 
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